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CRYPTOBRANCHUS ALLEGHENIENSIS. 


BERTRAM G. SMITH. 

Early observers of the process of fertilization described the 
meeting of the sperm-nucleus and the egg-nucleus, and their 
complete fusion to form a single zygotic nucleus, the primary 
nucleus of the embryo. Later it was found that in many cases, 
though apparently not in all, the two germ-nuclei merely become 
apposed without fusion. In tracing their further history it was 
shown, in certain cases, that the germ-nuclei give rise to two 
independent groups of chromosomes which separately enter the 
equatorial plate and whose descendants pass separately into 
the daughter-nuclei. “ Later observations have given the 
strongest reasons for believing that, as far as the chromatin is 
concerned, a true fusion of the nuclei never takes place‘during 
fertilization, and that paternal and maternal chromatin may 
remain separate and distinct in the later stages of development— 
possibly throughout life” (Wilson, 1900, p. 204). At the present 
time there is much to warrant the belief that a fusion of maternal 
and paternal chromatin never takes place in the somatic cells, 
while in the lineage of germ cells nothing approaching fusion 
occurs until a pairing of maternal and paternal chromosomes, 
called synapsis, takes place in preparation for the maturation 
divisions; then for the first time maternal and paternal chromo¬ 
somes are brought together in intimate and orderly union, in 
some cases amounting to fusion. 

This conclusion, which is of the most fundamental importance 
since it vitally concerns the mechanism of heredity, is based 
largely on indirect evidence; for in almost every case apparently 
insuperable obstacles have been encountered in the attempt to 
trace the respective maternal and paternal chromatin-complexes 
through the resting stage of the nuclear cycle. In only a very 
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few cases has the individuality of the germ-nuclei during this 
stage been demonstrated with any considerable success; the 
observations of Hacker (1892), Riickert (1895) and Conklin 
(1901) are of most importance in this connection and will be 
discussed later. 

In the developing egg of the amphibian Cryptobranchus alle- 
gheniensis I have found material very favorable for the study of 
this problem. The early cleavage nuclei are invariably double 
throughout the entire resting stage, each consisting of two 
separate though closely apposed nuclear vesicles, and the origin 
of each vesicle from a single germ-nucleus has been clearly 
traced. Indeed, my observations indicate that typically the 
germ-nuclei maintain their individuality throughout cleavage, 
though certain irregularities, real or apparent, occur with in¬ 
creasing frequency in the later segmentation stages. 

Technique. 

Most of the sections used in making the observations recorded 
in the present paper were cut from eggs killed with bichromate- 
acetic-formalin. This mixture, made up in the right propor¬ 
tions (Smith, 1912, I.), preserves the form of the egg perfectly 
in all stages, enables it to be sectioned by the paraffin method, 
and gives very satisfactory histological and cytological results. 
For comparison, sections were made of a few eggs killed in 
Zenker’s fluid, also in corrosive-acetic-formalin. These mixtures, 
particularly Zenker’s fluid, gave excellent results in the fertiliza¬ 
tion and early cleavage stages, but in the blastula and gastrula 
stages their use is not advisable since the roof of the blastocoele 
or gastrocoele collapses during the process of infiltration with 
paraffin. 

Most of the observations were made on sections of eggs stained 
in toto with Grenadier’s borax-carmine, differentiated in acid 
alcohol, and counterstained on the slide with a mixture of Lyons 
blue and picric acid. This treatment leaves the chromatin 
stained red, the yolk granules green, the centrospheres and cyto¬ 
plasmic structures blue. The method has the advantage of 
rapidity of manipulation, an important consideration since a 
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large number of slides are required. For the main purposes of 
this investigation the differentiation obtained by this method, 
used with care, is entirely adequate, but as a precaution against 
possible inaccuracy a parallel series was stained with Heidenhain’s 
iron hematoxylin, which as might be expected gave better 
preparations, and is especially useful for the study of chromosomal 
vesicles. 

All the figures excepting those of Plate IX. were outlined by 
means of a camera lucida and drawn with a magnification of 
about 600 diameters; in the process of reproduction they were 
reduced one third, and thus appear with a magnification of about 
400 diameters. In all drawings of horizontal sections the orienta¬ 
tion with reference to the plane of first cleavage is the same, and 
conforms to the diagrams in Plate IX. 

In most cases the double nature of the cleavage nuclei appears 
to best advantage in horizontal sections, and might readily be 
overlooked were observations confined to vertical sections. It 
seems likely that most investigators studying the amphibian 
egg have confined their observations to vertical sections, since 
these give a better idea of the gross structure; and this circum¬ 
stance leads us to suspect that conditions such as are here 
described for Cryptobranchns may occur in other amphibians 
and need only to be revealed by the study of horizontal sections. 

Observations. 

The early history of the fertilization stage of Cryptobranchus 
allegheniensis has been given in a previous paper (Smith, 1912, 
I.). The superficial cleavage pattern has been described in 
another contribution (Smith, 1912, II.). 

At the time of the meeting of the germ-nuclei it is usually 
impossible to tell with certainty which is the egg-nucleus and 
which is the sperm-nucleus, but this circumstance does not 
affect the validity of the results recorded in this paper. The 
germ-nuclei do not fuse, but come to lie side by side with nuclear 
membranes intact (Figs. 1-4). During the long resting stage 
that precedes the formation of the first cleavage spindle, each 
germ-nucleus maintains strict individuality: there is close asso- 
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ciation, but no actual union, and certainly no mingling of struc¬ 
tural contents. Hence, although it is convenient to employ such 
terms as “union of the germ-nuclei,” and to speak of the “cleav¬ 
age-nucleus” or “segmentation-nucleus” as if it represented a 
single entity, it should be understood that such expressions are 
loosely used, and the word “fusion” in this particular case is 
altogether inapplicable. It is the purpose of this paper to show 
that this unity or individuality of the respective germ-nuclei 
is not confined to the fertilization stage, but persists with great 
regularity during early cleavage, and with some apparent irregu¬ 
larities throughout the later cleavage and even into the gastrula 
stage. 

The length of time intervening between the meeting of the 
germ-nuclei and the rupture of their nuclear membranes during 
the formation of the first cleavage spindle must be considerable, 
for resting germ-nuclei have been observed in eggs varying in 
age from twelve to twenty-three hours after fertilization. The 
precise time of formation of the first cleavage spindle has been 
determined in only one egg, which was killed twenty-six hours 
after artificial fertilization. 

Since the germ-nuclei usually come to lie in the same hori¬ 
zontal plane, the most fruitful observations are obtained through 
the study of horizontal sections. The two asters, formed by the 
division of the single aster accompanying the sperm-nucleus 
on its journey to meet the egg-nucleus, take up positions on 
opposite sides of the resting germ-nuclei, in the same horizontal 
plane, and close to the region of contact of the germ-nuclei 
(Figs. 3 and 4). The initiation of the process of mitosis as 
evidenced by the appearance of distinct chromosomes and the 
rupture of the nuclear membranes does not take place in the 
two germ-nuclei simultaneously; one of the germ-nuclei becomes 
active somewhat in advance of the other (Figs. 5 and 6), thus 
furnishing evidence of some degree of physiological as well as 
structural independence. 

In the fully-formed mitotic figure the two groups of chromo¬ 
somes, of maternal and paternal origin respectively, remain 
visibly distinct (Fig. 7). This has been determined beyond a 
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doubt in a number of cases, with no conflicting evidence. In the 
anaphase each of the original chromosome groups has divided 
equally (through the splitting of individual chromosomes), the 
two halves going to different poles of the spindle. Each daughter- 
nucleus thus receives two distinct groups of chromosomes, derived 
from the egg-nucleus and the sperm-nucleus respectively. Al¬ 
though in the anaphase and early telophase (Fig. 8) the paired 
groups of chromosomes are not always very sharply separated, 
yet there is no mingling of maternal and paternal chromosomes. 
Finally, in the newly-formed daughter-nucletis each parental 
group of chromosomes becomes metamorphosed into a separate 
nuclear vesicle (Figs. 9 and 10). Except for a diminution in size, 
which is afterwards partially made good by growth, each 
daughter-nucleus closely simulates the original cleavage-nucleus 
with its two resting germ-nuclei. 

The precise stage with newly-formed vesicular daughter-nuclei 
has not been found in horizontal sections, hence all the figures of 
this stage are taken from vertical sections (Figs. 9-12). During 
the late phases of mitosis the two daughter-nuclei move some 
distance apart; their path of separation is marked by a broad 
trail of cytoplasm sharply defined from the surrounding yolk. 
The division of the centrosphere or 11 attraction sphere” takes 
place shortly before the daughter-nucleus assumes the vesicular 
condition. The first cleavage furrow is not yet formed, but its 
position, in a plane at right angles to the path of separation of 
the two daughter-nuclei and midway between them, is visibly 
indicated by a condensation of cytoplasm in the blastodisc. 

Aside from the fact that the two nuclear vesicles of a newly- 
formed daughter-nucleus are always situated approximately equi¬ 
distant from the plane of first cleavage, the orientation of these 
nuclear vesicles with reference to each other is decidedly variable. 
Since the two original germ-nuclei at the time of meeting usually 
lie in the same horizontal plane (Figs. 2-4), we should expect the 
same thing of the two vesicles of a daughter-nucleus; but in the 
preparations studied these were more often found to lie in a plane 
oblique to the horizontal, and sometimes one vesicle lies directly 
above the other (Figs. 9 and 10). It should be remembered, 
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however, that the original germ-nuclei do not always lie in the 
same horizontal plane (Fig. 1). Moreover, the stage with 
newly-formed daughter-nuclei was not represented in horizontal 
sections, which are naturally most favorable for the discovery 
of nuclei consisting of vesicles lying in the same horizontal 
plane. There is no external landmark by means of which this 
stage may be recognized, and it is passed through very rapidly; 
in the making of horizontal sections the available material was 
exhausted without finding the precise stage desired. 

In the study of the subsequent behavior of the nuclei the early 
cleavage furrows serve as convenient landmarks for orientation, 
and it is necessary to keep in mind the elementary fact that the 
second cleavage furrow forms at right angles to the first, and 
that a similar alternation in the direction of successive cleavage 
furrows is characteristic of the entire process of cleavage. Of 
more immediate importance to us is the correlated fact that the 
second nuclear division occurs in a direction at right angles to 
the first nuclear division, and that this alternation in the direc¬ 
tion of successive nuclear divisions is repeated throughout cleav¬ 
age. To be sure, this is strictly true only in the early cleavage 
stages, for there is increasing irregularity in the direction of both 
cleavage furrows and nuclear divisions throughout the later stages 
of cleavage. Incidentally, it should be noted that nuclear di¬ 
vision always precedes the formation of the corresponding 
cleavage furrow. 

In preparation for the second nuclear division, the two asters 
of a single daughter-nucleus take up positions on opposite sides 
of the nucleus, in the same horizontal plane and with a line 
connecting them parallel to the first cleavage furrow which is 
now usually in process of formation (Figs. 12-20; 23-26). In 
case the two nuclear vesicles of a single daughter-nucleus are 
not already ranged midway between the two asters, they rotate 
to this position (compare Figs. 15-16 with Figs. 17-18). Typi¬ 
cally, the two nuclear vesicles come to lie in the same horizontal 
plane (Figs. 17-20, 23-26); but this is not the invariable position, 
for in three different eggs they were found to lie one above the 
other, as exemplified in Figs. 21 and 22. In any case the final 
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position assumed insures an equal division of maternal and 
paternal chromatin-groups in the ensuing mitosis. Thus the 
second cleavage mitosis (Figs. 27 and 28) is in all essential 
respects a repetition of the first, though the direction of the 
spindle is different. Throughout the entire segmentation period 
there is nothing in the behavior of the nuclei more impressive 
than the precision and regularity with which the two nuclear 
vesicles of a single nucleus are ranged side by side in the plane 
of the equatorial plate in preparation for the formation of the 
spindle. 

In the resting stage following the second mitosis the two nuclear 
vesicles of each nucleus usually lie in the same horizontal plane 
(Figs. 29, 30, 32); their entire orientation indicates their deriva¬ 
tion from the two groups of chromosomes at one pole of the 
spindle in the anaphase and early telophase of the preceding 
mitosis (Fig. 28). Occasionally, though not so often as in the 
preceding resting stage, one nuclear vesicle is found situated 
above the other (Fig. 31). 

In Cryptobranclnis the third cleavage furrows are vertical 
and intersect the second furrows at some distance from the first 
(Plate IX., Fig. 45, J). Thus the third cleavage furrows are 
nearly parallel to the first, but diverge slightly from it. 

In preparation for the third cleavage mitosis the two asters 
take up positions on opposite sides of the nucleus, in such a 
situation that a line connecting them is nearly parallel to the 
plane of second cleavage (Figs. 33, 34; Plate IX., Fig. 45, H). 
In all cases the two nuclear vesicles entering the mitotic figure are 
ranged equidistant from the two asters (Figs. 33, 34, 35), and 
in a slightly earlier stage may be found rotating to this position 
(Fig. 32). Thus in the third cleavage mitosis (Fig. 36) the 
segregation and equal division of maternal and paternal chromo¬ 
some groups is maintained. The direction of the axis of the 
spindle is at right angles to the preceding mitosis, and parallel to 
the first (Plate IX., Fig. 45, II and I). Upon the completion 
of mitosis the third cleavage furrows form as described in the 
preceding paragraph. At this time the four nuclei on the same 
side of the second cleavage furrow sometimes lie precisely in 
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the same vertical plane, so that they are all visible in a single 
section taken parallel to the second cleavage furrow. 

The fourth cleavage furrows combine to form a circular, or 
more often oval, figure with its longer axis coinciding with the 
plane of second cleavage. This circular cleavage divides the 
egg very unequally, cutting off eight micromeres from eight 
comparatively large macromeres. Preparation for this cleavage 
involves rotation of the two nuclear vesicles of a single daughter- 
nucleus of the third cell division from their original position as 
shown in Fig. 37 to the position shown in Fig. 38. , This latter 
orientation insures the maintenance, of the segregation of the 
germ-nuclei in the fourth mitosis (Figs. 39-42). As in the 
previous divisions, the maternal and paternal chromosome 
groups have here been traced through the various phases of 
mitosis to the late anaphase and early telophase, where they 
arc still distinctly separate. The position of the vesicles of the 
newly-formed daughter-nucleus (Figs. 43 and 44) indicates that 
one is of maternal origin, the other paternal. The results as 
regards the orientation of the nuclei up to this point are sum¬ 
marized in the diagrams of Plate IX., Fig. 45. 

I11 the later cleavage divisions there is increasing irregularity 
in the direction of spindle axes and cleavage furrows, but this 
does not constitute any serious obstacle to tracing the history of 
the germ-nuclei since the really important point is the orientation 
of the nuclear vesicles with respect to the axis of the spindle. 
As already indicated, this is invariably such as to insure the 
segregation and equal representation of maternal and paternal 
chromosome groups in the daughter-nuclei. As the nuclei be¬ 
come smaller, it sometimes is difficult to distinguish the two 
groups of chromosomes in the late phases of mitosis, but com¬ 
parison with slightly earlier and later phases leaves no doubt 
as to the continuity of the respective germ-nuclei. Until an 
advanced cleavage stage, the double structure of the resting 
nuclei is almost always clearly demonstrable. As the nuclei 
become more numerous, it becomes easier to find nuclei cut in 
such a manner as to show distinctly the double structure. In 
the more active regions of the egg, the synchronism of division 
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of the different cells is maintained to the late blastula stage, so 
that there is little likelihood of confusing cell-generations. Be¬ 
tween mieromeres and macromeres there is a fine gradation in 
phases of the nuclear cycle, so that a close series may be readily 
obtained. The individuality of the germ-nuclei has been traced 
without a break to an advanced cleavage stage, and it would not 
be difficult to illustrate this entire result with an adequate 
series of figures, but such a procedure would require an enormous 
amount of time and unduly extend the limits of this paper. 

Beginning with about the seventh cell generation certain 
irregularities, real or apparent, occur with increasing frequency 
to mar the mechanical precision of the events thus far described 
in the history of the germ-nuclei. In the resting stage the two 
nuclear vesicles of a single nucleus are often deeply lobed, some¬ 
times in such a manner as to give the impression that the nucleus 
is made up of many vesicles. In the late telophases the nucleus 
is often really made up of several or many separate though closely 
aggregated vesicles, but this is undoubtedly a part of the usual 
process of mitosis, as a more searching examination of these late 
phases throughout cleavage will readily show. 

The transformation of the daughter-nucleus into the vesicular 
condition must take place with considerable rapidity, especially 
in the early cleavage stages, for some phases of this process have 
not been observed earlier than the fourth mitosis, and only 
occasionally in the fourth and fifth mitoses. In more advanced 
cleavage there is little difficulty in finding material representing 
the entire history of the telophase. 

In the early anaphase, the long thread-like chromosomes are 
V-shaped, with the limbs of the Y almost parallel and very 
straight; the apex is directed away from the equatorial plate. 
In a slightly later phase, which we may call the late anaphase, the 
chromosomes are still roughly V-shaped but finely undulating 
except at their free ends. A little later (early telophase) each 
chromosome becomes much convoluted, often- coiled in a loose 
irregular spiral; this change begins at the apex and proceeds 
toward the free ends. The next step consists of the meta¬ 
morphosis of each chromosome into a chromosomal vesicle, a 
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process which I have been able to follow in considerable detail, 
but will not attempt to describe here. About this time the 
centrosphere or “attraction sphere” divides. 

During the anaphase and early telophase the maternal and 
paternal chromosome groups are almost always clearly separated, 
sometimes with a broad space between the two groups. The 
segregation of the chromosomal vesicles into two groups, maternal 
and paternal respectively, is usually evident. In the late telo¬ 
phase the chromosomal vesicles of each group unite to form 
separate nuclear vesicles which for a time show indications of 
their manner of origin through the persistence of lobes separated 
by deep clefts. The inner boundaries of the chromosomal 
vesicles persist for a time as partitions in the nuclear vesicles, 
but finally disappear wholly or in part. In the late blastula the 
vesicular nucleus in many cases retains a lobed structure through¬ 
out the resting stage. It is possible that in some cases the fusion 
of chromosomal vesicles to form vesicular nuclei of the usual 
duplex type is never completed, for in the late blastula and 
early gastrula nuclei consisting of three, four or even more well- 
rounded vesicles are not uncommon. 

How much longer and to what extent during the development 
of the embryo a strict separation of the germ-nuclei is maintained 
I have not attempted to determine, but it is not necessary to 
conclude that it continues throughout the life of the organism, 
either in the somatic or the germ cells. I11 the discussion it will 
be shown that the individuality of the germ-nuclei is not in¬ 
compatible with a mingling of maternal and paternal chromo¬ 
somes, and there is no biological necessity for a strict separation 
of the germ-nuclei in any stage from fertilization to synapsis. 

Discussion. 

In 1875 Oscar Hertwig and Hermann Fol showed that the 
fertilized egg contains two nuclei, one belonging to the egg itself 
and the other introduced by the spermatozoon. While the 
earliest observers of the process of fertilization, notably Auerbach, 
Strasburger and Hertwig, described the complete fusion of these 
germ-nuclei to form the first embryonic nucleus, called by 
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Hertwig the cleavage-nucleus or segmentation-nucleus, later 
observations showed that such is not always the case. In 1881 
Mark demonstrated that in the slug Lini'ix the two germ-nuclei 
do not fuse; after coming together they persist during the forma¬ 
tion of the two cleavage centers, then their membranes gradually 
disappear. Two years later Van Beneden showed that in A scans, 
not only do the germ-nuclei become apposed without fusion, but 
each gives rise to an independent group of chromosomes which 
contribute equally to the formation of the daughter-nuclei. 
Thus the foundation of the doctrine of the biparental character 
of the nuclei of sexually-produced organisms was laid down by 
Van Beneden. In many animals, and in some plants (gymno- 
sperms), the independence of the formation of the maternal and 
the paternal chromosome groups following fertilization has been 
established by direct observation, though the demonstration has 
seldom been carried beyond the first cleavage stage. On the 
other hand there are some animals, and many plants, in which 
the germ-nuclei meet and fuse while in the resting condition, so 
that in the chromatin of the resulting nucleus maternal and 
paternal contributions cannot be readily distinguished. 

Hacker (1892 and 1895) and Riickert (1895) found that the 
germ-nuclei of Cyclops do not fuse but preserve their individuality 
throughout at least a considerable period of the cleavage of the 
egg. In mitosis the two groups of chromosomes, of maternal 
and paternal origin respectively, remain distinct and bilaterally 
distributed, while each resultant daughter-nucleus in the resting 
stage consists of two closely apposed but structurally separate 
vesicles. 

In 1901 Conklin described the double structure of the cleavage 
nuclei of Crepidula in certain stages of the nuclear cycle, and 
pointed out that the two halves which at times appear as distinct 
entities are almost certainly to be regarded as of maternal and 
paternal origin respectively. “This separateness is most easily 
observed in the telophase of each division, though in some cleav¬ 
age cells it may be seen in the prophase also, or even throughout 
the resting period. At the time when the daughter-nuclei are 
being formed the chromosomal vesicles fuse into two groups 
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which are closely pressed together but still separated by a parti¬ 
tion wall, as Riickert has shown to be the case in Cyclops. 
Gradually this partition wall disappears, being preserved longest 
on that side of the nucleus nearest the centrosome. Here a 
groove is formed on one side of the nucleus which marks the line 
of contact between the two halves. In some cleavage cells this 
groove is visible throughout most of the resting period; in others 
it disappears during the greater part of the resting period, though 
it may reappear in the following prophase; in all cases, however, 
the partition wall and groove reappear in the next succeeding 
telophase, when it is again formed in the manner described above. 
I have observed the double character of the nucleus in the 
telophase of every cleavage up to the 29-cell stage, and in several 
of the later cleavages up to the 60-cell stage, though it becomes 
more difficult to see as the nuclei grow smaller. ... It still 
remains to show that these double nuclei really represent the egg 
and sperm nuclei which have not yet lost their individuality. 
This cannot be demonstrated in Crepidula , for the reason that 
this double character is not apparent at every stage in the nuclear 
cycle, but it is extremely probable” (Conklin, 1901). Additional 
observations recorded by Conklin in support of his interpretation 
may be summarized as follows: (1) In the metaphase of the 
first cleavage division the maternal and paternal germ-nuclei 
are represented by separate groups of chromosomes; in the 
early anaphase these groups of chromosomes can no longer be 
distinguished, but the nuclei are clearly double in the immediately 
following late anaphase and telophase, and the position of the 
partition wall in these double nuclei corresponds to the plane of 
contact between the germ-nuclei. (2) The groove which is found 
on one side of the nucleus in the telophase of the first cleavage 
mitosis persists well into the resting stage, and a corresponding 
groove is found in the same position in the prophase of the second 
mitosis. The central spindle for the second cleavage mitosis 
lies in this groove, and thus the amphiaster actually lies in the 
only plane in which it would be possible to halve the two parts 
of the double nuclei. Although cleavage divisions successively 
alternate in direction, unequal division of the double nuclei is 
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prevented either by a rotation of the nucleus during the resting 
stage, or by a rotation of the spindle in the early stage of mitosis. 

(3) In certain abnormal cleavages the double nuclei are really two 
entirely separate nuclei lying side by side within a single cell. 

(4) In each of the germ-nuclei, before they come into contact, 
there is a single nucleolus; these nucleoli disappear in the pro¬ 
phase of the first cleavage, but in the succeeding telophase a 
single nucleolus generally appears in each half of each daughter- 
nucleus. The same is true of the succeeding cleavages, so that 
each nucleus throughout the cleavage usually has two nucleoli 
in the telophase or early resting stage. 

Beard (1902) described a double structure of the resting stages 
of the nuclei of the early germ cells of Raja batis; these were not 
traced earlier than a late gastrula stage, but influenced by the 
findings of Hacker and Riickert, Beard did not hesitate to inter¬ 
pret the double nuclei as consisting of distinct maternal and 
paternal halves. 

Jenkinson (1904) gives some interesting figures of the fertiliza¬ 
tion and first cleavage stages of Axolotl . The germ nuclei meet 
without fusion, and the chromosomes appear separately in each 
* pronucleus while the nuclear membranes are still intact. In some 
cases at least, these two chromosome groups remain distinct in 
the equatorial plate after the dissolution of the nuclear mem¬ 
branes. Scant attention is paid to these features in the text 
of Jenkinson’s paper, which is concerned with other matters, 
but the author states that he has found two distinct sets of 
chromosomes in some preparations of the fertilization spindle 
of Triton. 

In 1904 Moenckhaus described the independence of the ma¬ 
ternal and paternal chromosome groups in the early cleavage 
spindles of the hybrids produced by fertilizing the eggs of Fnndu- 
Ins with Menidia sperm. The difference in the size and shape of 
the chromosomes of the two species makes the identification of 
the maternal and paternal chromosomes in the case described a 
matter of certainty. 

Pinney (1918) found that two nucleoli are typically present 
in the nuclei of normal Ctenolabrus blastoderms, and cited evi- 
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dence supporting the view that in these double nucleoli observed 
in fishes we are dealing with parental homologues. 

Concerning Cryptobranchiis allegheniensis , the writer believes 
that the observations recorded in the present paper establish 
beyond question the complete separation of maternal and pa¬ 
ternal germ-nuclei to a late blastula stage at least. The separa¬ 
tion is particularly marked during the resting stage of the nuclear 
cycle, precisely where most investigators working with other 
species have encountered the greatest difficulty. 

The observations thus far cited indicate that in certain forms 
the individuality of the germ-nuclei during early embryonic 
development is maintained by complete separation of the nuclear 
material derived from the egg and the spermatozoon respectively. 
It has already been indicated that this segregation is not by any 
means a universal phenomenon. Is it possible that the indi¬ 
viduality of the germ-nuclei may be maintained, in all essential 
respects, in those other cases where there is a mingling of chro¬ 
matin derived from the two germ-nuclei? Let us first examine 
the facts that require explanation. 

In all cases where the germ-nuclei fuse into a single vesicular 
nucleus before the formation of the first cleavage spindle, mingling 
of maternal and paternal chromosomes may be expected. Sax 
(1918) has recently described two cases in flowering plants, 
Fritillaria-&nd Triticum . In Fritillaria the germ-nuclei usually 
unite while in the resting condition, although occasionally they 
are in the spireme stage at the time of fusion. The presence 
of a single spireme in the zygote could not be demonstrated. In 
Triticum the sperm-nucleus is small and almost homogeneous in 
structure even while in contact with the egg nucleus. The 
sperm-nucleus enters the egg-nucleus and there forms a separate 
compact spireme; at the same time the spireme of the egg- 
nucleus is formed. In both Fritillaria and Triticum the maternal 
and paternal chromosomes are formed independently, but they 
are not found in separate groups. 

Moenckhaus (1904) found that after the first few cleavage 
divisions in his hybrid teleost eggs the chromosomes of maternal 
and paternal origin mingled indiscriminately upon the equatorial 
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plate, and the observations of Morris (1914) are in agreement. 

Metz (1916) has found in the diptera a pairing of homologous 
chromosomes, simulating synapsis, which occurs in all tissues, 
somatic as well as germinal; this association of maternal with 
paternal chromosomes was found in late cleavage and during 
all later stages of embryonic development. From the following 
statement by Overton (1909) we have a suggestion of a similar 
occurrence in plants, though attention is directed more particu¬ 
larly to the matter of genetic continuity of individual chromo¬ 
somes: “In the somatic nuclei (of certain plants) the chromo¬ 
somes are represented during rest by definite visible bodies, the 
pro-chromosomes, which are arranged in parallel pairs, with 
apparent linin intervals. These heterogeneous spirems, the 
homologous portions of which have early become associated in 
pairs, probably remain distinct throughout the life-history of the 
sporophyte.” 

In spite of the mingling and even paired association of maternal 
and paternal chromosomes, there are reasons for believing that 
the two kinds of chromosomes maintain their independence 
until gametogenesis. This leads us to a consideration of the 
doctrine of the genetic continuity of individual chromosomes, 
which goes further than the principle of duality of the embryonic 
nuclei, but confirms it as a universal law. 

The remarkable constancy in the number of chromosomes 
throughout the cells of a given organism and species has long 
been known, and affords important evidence for the view that 
the chromosomes are persistent as individual structures. To 
be sure, it sometimes happens in mitosis that one or more chromo¬ 
somes belonging to one daughter-group, accidentally become 
included with the other group so that one of the daughter-nuclei 
has fewer, the other more, than the normal somatic number; 
but such an occurrence is very exceptional, and in subsequent 
divisions of these cells the number of chromosomes appearing is 
not the normal, but the increased or diminished number (Boveri, 
1890). Whatever the number of chromosomes entering into the 
formation of a resting nucleus, the same number afterwards 
issues from it. 
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In 1883 Van Beneden showed that in Ascaris the sperma¬ 
tozoon brings in just as many chromosomes as are contained 
in the egg. As a result of a careful study of mitosis in 
epithelial cells of the salamander, Rabl (1885) concluded that 
the chromosomes do not lose their individuality at the close of 
division, but persist in the chromatic reticulum of the resting 
nucleus. Boveri (1887 and 1888) supported Rabl’s hypothesis 
on the ground of his own studies and those of Van Beneden on 
the early stages of Ascaris. Boveri demonstrated in Ascaris 
that in the formation of the spireme the chromosomes reappear 
in the same position as those which entered into the formation 
of the reticulum, precisely as Rabl had maintained. As the 
long chromosomes diverge, their free ends are always turned 
toward the equator of the spindle, and upon the reconstruction 
of the daughter-nuclei these ends give rise to corresponding lobes 
of the nucleus, which persist throughout the resting stage. At 
the succeeding division the chromosomes reappear exactly in 
the same position, their ends lying in the nuclear lobes as before. 
These observations were afterwards confirmed by Ilerla (1893), 
and more recently Sutton (1902) has observed practically the 
same thing in Brachystola magna. Boveri (1891) concluded that 
the chromosomes must be regarded as individuals that have an 
independent existence in the cell, and expressed his belief that 
“we may identify every chromatic element arising from a resting 
nucleus with a definite element that entered into the formation 
of that nucleus, from which the remarkable conclusion follows 
that in all cells derived in the regular course of division from the 
fertilized egg, one half of the chromosomes are of strictly paternal 
origin, the other half of maternal.” 

Herla (1893) and Zoja (1895) have shown that if in Ascaris 
megalocephala the egg of variety bivalens, having two chromo¬ 
somes, be fertilized with the spermatozoon of variety -univalens , 
having one chromosome, the three chromosomes reappear at each 
cleavage, at least as far as the twelve-cell stage; and according 
to Zoja, the paternal chromosome is distinguishable from the 
two maternal at each step by its smaller size. “We have thus 
what must be reckoned as more than a possibility, that every cell 
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of the body of the child may receive from each parent not only 
half of its chromatin substance, but one half of its chromosomes, 
as distinct and individual descendants of those of its parents ” 
(Wilson, 1900). 

Boveri (1909) found in Ascaris that in sister cells preparing for 
division the configuration of the groups of chromosomes is the 
same. The similarity of the sister cells is explicable on the view 
that the chromosomes retain during the resting stage the same 
shape and size and relative location that they had at the end 
of the preceding division. In cells of these same embryos that 
are not sister cells, a great variety of arrangements of the chromo¬ 
somes is found, and no two arrangements are so nearly alike as 
are those found in sister cells. 

Other evidence for the continuity of individual chromosomes 
is derived from those cases where the reconstruction of the resting 
nucleus takes place through the metamorphosis of each chromo¬ 
some into a hollow vesicle, and the aggregation or fusion of these 
chromosomal vesicles to form a single nucleus. Such, to be sure, 
is not the only type of telophase (Wilson, 1900, p. 71), but it 
takes place in many segmenting ova and in some spermatogonia. 
According to Conklin (1902), in the late stages of mitosis of the 
segmenting egg of Crepidnla the chromosomes enlarge to form 
vesicles and these unite into a resting nucleus; the nuclear 
membrane is composed of the outer walls of the vesicles, while the 
inner walls stretch through the nucleus as chromatic partitions; 
the chromosomal vesicles from the egg and sperm nuclei respec¬ 
tively remain distinct longer than those from the same germ 
nucleus. Vesicular chromosomes have been described in fish 
eggs by Moenckhaus; the individual vesicles fuse with their 
neighbors and these larger ones with each other until at last the 
entire nucleus is simply one great-vesicle, which is at first lobed, 
but later is well rounded. Wenrich (1916) says of Phrynotettix: 
“The spermatogonial divisions showed that each chromosome 
forms a sac or vesicle in the earlier telophases, and that it expands 
and becomes diffused within these vesicles; that, although the 
vesicles appeared to coalesce, there is always a remnant of each 
chromosome visible in the center of the region occupied by the 
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vesicle, and that in the prophase the chromatin concentrates 
about this remnant or core and there forms a spirally coiled 
thread, which develops into a prophase chromosome. ,, Richards 
(1917) has shown that in the cleavage and gastrula stages of 
Funditlus and Coregonus the chromosomes in the telophase of 
mitosis enlarge to form vesicles which remain distinct though 
compactly massed together during the resting stage. The new 
chromosome arises within a vesicle, through the aggregation 
of its granules; thus there is genetic continuity of individual 
chromosomes. According to Richards, the polarity of the cell 
is manifested in the arrangement of the elongated vesicles. 
When the centrosome divides, the cell acquires a new axis at 
right angles to the old, in a line connecting the two asters; the 
chromosomes, when formed, orient themselves with respect to 
the new axis. Finney (1918) figures chromosomal vesicles in the 
telophase of dividing blastomeres of Ctenolabrus X Fundulus 
hybrids. Some observations on chromosomal vesicles in Crypto - 
bronchus alleglieniensis are included in the present paper. I have 
examined a few sections of Coregonus blastoderms belonging to 
the collection of the Michigan State Normal College and the 
material appears to be exceptionally favorable for the study of 
chromosomal vesicles. 

Thus it has been proved that in the fertilized egg one half of 
the chromosomes are derived from the father and one half 
from the mother, and that at every division of the egg the chromo¬ 
somes also divide in such a manner that their progeny are dis¬ 
tributed in equal number to all the cells of the egg. Further, 
there is genetic continuity between each individual chromosome 
that enters the resting stage and a corresponding chromosome 
that emerges in preparation for the next division. The con¬ 
clusion is thus reached that the fertilized egg, and all the cells 
derived from it, contain a double set of chromosomes, paternal 
and maternal. This conclusion implies that at every step the 
respective chromosome groups preserve their independence, how¬ 
ever much they are mingled with one another. 

This conclusion is further strengthened by observations of 
individual differences, both morphological and physiological, 
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between the chromosomes of a given simplex group, and by the 
behavior of the chromosomes in synapsis. The chromosomes 
of a single group, maternal or paternal, are not precisely alike, 
but differ among themselves in size, form aild genetic potency 
(Montgomery, 1901; Sutton, 1902 and 1903; Morgan, 1915). In 
certain species the size differences are very marked, so that the 
chromosomes of a single germ-nucleus may be arranged in a 
graded series; these size differences are constant from one cell- 
generation to the next, so that individual chromosomes may be 
identified in successive cell-divisions. In other species where 
the visible differences are not so marked we have evidence that 
physiological differences exist, for Boveri (1907) has shown the 
strong probability that normal development of the egg is pos¬ 
sible only in the presence of at least a single set of qualitatively 
different chromosomes. Thus the concept of the individuality 
of the chromosomes has been extended to include not merely the 
genetic continuity of each particular chromosome, but also its 
idiosyncrasy or specificity. 

In any biparental organism, the duplex chromosome group is 
composed of two equivalent parental series or simplex groups, 
in which each individual chromosome is homologous with a very 
similar chromosome belonging to the other series; in other words, 
the chromosomes are present in biparental pairs (Montgomery, 
1901; Sutton, 1902 and 1903; Wilson, 1912). “In the process 
known as synapsis, which takes place shortly before the last two 
cell-divisions concerned in the formation of the germ cells, the 
chromosomes do in fact unite in pairs, two by two. There is 
reason to believe that the two members of each pair are respec¬ 
tively of maternal and paternal derivation; and the probability 
of this view, first stated by Montgomery, has steadily increased.'’ 
(Wilson, 1913). In one of these two final divisions of the germ 
cell cycle the double chromosome groups are reduced to single 
ones in preparation for the subsequent process of fertilization; 
this reduction is accomplished through the failure of the indi¬ 
vidual chromosomes to split in the process of mitosis. In this 
reducing division the two members of a synaptic pair are sepa¬ 
rated to pass into different daughter cells, but not necessarily 
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in such a manner that each daughter cell receives exclusively 
maternal or exclusively paternal chromosomes. The distribution 
of each pair of homologous chromosomes is entirely independent 
of that of every other pair, so that in the daughter cells com¬ 
binations of non-homologous chromosomes occur regardless of 
their parental origin; each daughter cell usually receives a mix¬ 
ture of maternal and paternal chromosomes in varying propor¬ 
tions. Within the limits of the reduced number, any combina¬ 
tion of the chromosomes furnished by the immature germ cell 
is possible in a daughter cell resulting from the reducing division, 
save that a single daughter cell cannot receive both members of 
a synaptic pair. Synapsis is thus explained by the provision 
which it makes that two homologous chromosomes shall in no 
case enter the nucleus of a single spermatozoon or mature egg 
(Sutton, 1902). The principle of random distribution or inde¬ 
pendent assortment of non-homologous chromosomes has been 
confirmed by the direct observations of Carothers (1913 and 
1917), Wenrich (1915 and 1916) and others. The point that 
immediately concerns us here is the fact that in the reducing 
division the individuality of the germ-nuclei is usually lost, for 
it seldom happens that a single daughter cell, and consequently 
a single mature gamete, receives exclusively maternal or exclu¬ 
sively paternal chromosomes. 

“Synapsis is not a haphazard junction of chromosomes, but 
an orderly union of elements of maternal and paternal origin, 
similar in size, in details of form, and probably also in function” 
(Kellicott, 1913, p. 294). The orderly processes of heredity as 
they exist today in biparental organisms would be impossible 
were the integrity of the maternal and paternal chromosome 
groups not maintained up to the time of synapsis. In Crypto- 
branchus allegheniensis and in some other forms this integrity 
is manifested at every step by a complete segregation of maternal 
and paternal chromosome groups; in other forms the inde¬ 
pendence of the chromosome groups is maintained in spite of 
the mingling of maternal and paternal chromosomes. The per¬ 
sistent individuality of the chromosomes is the important thing, 
and so long as this is maintained the germ-nuclei exist as actual 
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entities whether visibly separated or not. The distinction be¬ 
tween the two classes of germ-nuclei—those that fuse at the 
time of fertilization and those that do not—is more apparent 
than real. The expression “individuality of the germ-nuclei” 
seems justified in either case, for individuality implies separable¬ 
ness as well as separateness (Conklin, 1916); but some may 
prefer to use the term “autonomy,” which places the emphasis 
upon independence. Since attention has become focused upon 
the chromosomes, the expression “autonomy of the maternal 
and paternal chromosome groups” has often been used to indicate 
the duality of nuclear structure. 

Where it exists, the separation of maternal and paternal chro¬ 
matin-complexes into distinct groups within a single nucleus 
affords a striking exemplification of the deeper and more uni¬ 
versal truth that each germ-nucleus is represented in its entirety 
in every cell, somatic as well as germinal, of a developing organ¬ 
ism. In Cryptobran elms alleglieniensis this dual structure of the 
nucleus is clearly visible in every cell of the early segmentation 
stages at least, so that here we have material for an ocular 
demonstration of a principle long ago foreseen by Huxley (1878), 
who wrote: “It is conceivable, and indeed probable, that every 
part of the adult contains molecules derived from both the male 
and the female parent: and that, regarded as a mass of molecules, 
the entire organism may be compared to a web of which the 
warp is derived from the female and the woof from the male.” 

Summary. 

In the fertilization of the egg of Cryptobranchus alleglieniensis 
the germ-nuclei do not fuse, and in the first cleavage mitosis each 
gives rise to a separate group of chromosomes whose descendants 
pass separately to the daughter-nuclei. 

During the ensuing resting stage each germ-nucleus is repre¬ 
sented by a structurally distinct vesicle. The separateness of 
the germ-nuclei is thus maintained throughout the entire nuclear 
cycle. 

Throughout early cleavage the nuclear divisions are of the 
same duplex type, and the resting nuclei are always distinctly 
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double. The genetic continuity of each half of the double 
nucleus has been clearly traced to an advanced cleavage stage. 

During late cleavage and in the early gastrula the nuclei are 
still typically double, but certain irregularities which tend to 
disguise the double structure occur with increasing frequency 
and the segregation of maternal and paternal chromatin cannot 
always be demonstrated. 

The hypothesis of individuality of the germ-nuclei as applied 
to those species in which there is a mingling of maternal and 
paternal chromosomes is discussed, and supported by considera¬ 
tions regarding the persistent individuality of the chromosomes. 

Zoological Laboratory, 

Michigan State Normal College, 

Ypsilanti. 
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Explanation of Plate I. 

Cryptobranchus allegheniensis . 

Fig. i. Portion of a meridional section of a fertilized egg, showing the meeting 
of the sperm-nucleus and the egg-nucleus. Each germ-nucleus extends through 
four sections, of which an inner one is shown in the figure. The section passes 
midway between the two asters, which lie on opposite sides of the nuclei in a line 
at right angles to the plane of the section. The egg was fixed with bichromate- 
acetic formalin and stained with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 2. Meridional section of an egg killed twenty-two and one half hours 
after fertilization, showing the resting germ-nuclei. Each germ-nucleus extends 
through five sections, of which the middle one is here shown. The section passes 
midway between the two asters, which lie close to the apposed surfaces of the two 
nuclei in a line oblique to the plane of the section. Fixed with bichromate-acetic- 
formalin; stained with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 3. Horizontal section through the resting germ-nuclei of an egg killed 
twenty-one and one half hours after fertilization. Nearly half of each nucleus is 
left in an adjacent section. Two asters are shown in the figure. Fixed with 
bichromate-acetic-formalin; stained with borax-carmine Lyons-blue picric-acid. 
X 400- 

Fig. 4. Horizontal section through the resting germ-nuclei of an egg killed 
twenty-two and three fourths hours after fertilization. Each germ-nucleus extends 
through three sections, of which the middle one is here shown. Two asters are 
shown in the figure. Bichromate-acetic-formalin fixation; stained with borax- 
carmine Lyons-blue picric-acid. X 400. 
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Explanation of Plate II 
Cryptobranchus alleghcniensis. 

Fig. 5. Horizontal section of a fertilized egg showing the germ-nuclei preparing 
for the first cleavage mitosis. The germ-nucleus shown at the right is in a slightly 
more advanced phase than the other. A portion of each nucleus is left in an 
adjacent section. Bichromate-acetic-formalin fixation; stained with borax-car¬ 
mine Lyons-blue picric-acid. X 400. 

Fig. 6 . Horizontal section of an egg killed twenty-two and one half hours ' 
after fertilization, showing the germ-nuclei preparing for the first cleavage mitosis. 
The germ-nucleus shown at the right is in a more advanced phase than the other. 
About half of each nucleus is left in an adjacent section. Bichromate-acetic- 
formalin fixation; stained with borax-carmine Lyons-blue picric-acid. X 4°o* 

Fig. 7. Horizontal section through the first cleavage spindle (late prophase). 
The chromosomes are segregated into two groups, of maternal and paternal origin 
respectively. A very small portion of each group of chromosomes is left in each 
of the adjacent sections. Bichromate-acetic-formalin fixation; stained with iron- 
hacmatoxvlin. X 400. 

Fig. 8. Horizontal section of an egg killed twenty-six hours after fertilization, 
showing a late stage (early telophase) of the first nuclear division. In the distribu¬ 
tion of chromatin to the daughter-nuclei, the segregation of maternal and paternal 
chromatin is maintained. A very small portion of the chromatin of each daughter- 
nucleus is left in an adjacent section. Bichromate-acetic-formalin fixation; stained 
with borax-carminc Lyons-blue picric acid. X 400. 
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Explanation of Plate III. 

Cryptobranchns allegheniensis. 

Figs. 9 and 10. Two successive vertical sections through a single daughter- 
nucleus of the first cleavage mitosis. The sections are nearly meridional, and pass 
very close to the other daughter-nucleus, hence at right angles to the plane of the 
first cleavage furrow which is not yet formed. The nucleus shown is almost entirely 
confined to the two sections. Bichromate-acetic-formalin fixation; stained with 
borax-carmine Lyons-blue picric acid. X 400. 

Fig. 11. Vertical section through a single daughter-nucleus of the first cleavage 
mitosis. The section is nearly meridional, and passes very close to the other 
daughter-nucleus, hence at right angles to the plane of the first cleavage furrow 
which is not yet formed. A considerable part of each nuclear vesicle is left in an 
adjacent section, and comparison with these other portions shows that the plane 
of contact of the two nuclear vesicles is oblique to the plane of the section. Bichro¬ 
mate-acetic-formalin fixation;, stained with borax-carmine Lyons-blue picric-acid. 
X 400. 

Fig. 12. Vertical section showing a single daughter-nucleus of the first cleavage 
mitosis, taken at right angles to the plane of the first cleavage furrow which is not 
yet formed. The entire double nucleus is confined to this section. Bichromate- 
acetic-formalin fixation; stained with borax-carmine Lyons-blue picric-acid. 
X 400. 

Fig. 13. Vertical section, parallel to the newly-formed first cleavage furrow, 
through a single daughter-nucleus of the first cleavage division. Part of the 
nucleus is left in an adjacent section, where it is likewise distinctly double. Bichro¬ 
mate-acetic-formalin fixation; stained with borax-carmine Lyons-blue picric-acid. 
X 400 - 

Fig. 14. Vertical section, parallel to the first cleavage furrow, through the 
other daughter-nucleus of the egg used for Fig. 13. Part of the nucleus is left in 
an adjacent section, where the two nuclear vesicles are more closely united. Bichro¬ 
mate-acetic-formalin fixation; stained with borax-carmine Lyons-blue picric-acid. 
X 400. 
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Explanation of Plate IV. 

Cryptobranchus allegheniensis. 

Figs. 15 and 16. Two successive horizontal sections showing a single nucleus 
rotating into position for the second cleavage mitosis; almost the entire nucleus is 
confined to these two sections. The newly-formed first cleavage furrow extends 
in a direction parallel to a line connecting the two asters. Fixed in bichromate- 
acetic-formalin; stained with iron-haematoxylin. X 400. 

Fig. 17. Horizontal section through a single nucleus in position for the second 
cleavage mitosis; the greater part of the nucleus lies in this section. The newly- 
formed first cleavage furrow extends in a direction parallel to a line connecting the 
two asters. Fixed in Zenker’s fluid; stained with iron-hsematoxylin. X 400. 

Fig. iS. Horizontal section through the other nucleus of the egg containing 
the nucleus shown in Fig. 17. Orientation as in the preceding figure. Stained 
with iron-haematoxylin. X 400. 

Fig. 19. Horizontal section showing a single nucleus in position for the second 
cleavage mitosis; the entire nucleus lies in this section. The newly-formed first 
cleavage furrow extends in a direction parallel to a line connecting the two asters. 
Bichromate-acetic-formalin fixation; stained with borax-carmine Lyons-blue picric- 
acid. X 400. 

Fig. 20. Horizontal section through the other nucleus of the egg used for Fig. 
19. A small part of one nuclear vesicle, and the greater part of the other, lies in an 
adjacent section. Orientation as in the preceding figure. Stained with borax- 
carmine Lyons-blue picric-acid. X 400. 
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Explanation of Plate V. 

Cryptobranclms allegheniensis. 

Figs. 21 and 22. Two successive meridional sections through a single nucleus 
preparing for the second cleavage mitosis. The sections extend at right angles 
to the first cleavage furrow, and close to the other clcavage-nucleus. A consider¬ 
able part of the nucleus here shown is left in an adjacent section where it is not so 
clearly separated into two nuclear vesicles. Fixed in bichromate-acetic-formalin; 
stained with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 23. Horizontal section through a single nucleus preparing for the second 
cleavage mitosis; the nucleus is almost entirely confined to this section. The first 
cleavage furrow extends in a direction nearly parallel to a line connecting the two 
asters. Bichromate-acetic-formalin fixation; stained with borax-carmine Lyons- 
blue picric-acid. X 400. 

Figs. 24, 25 and 26. Three successive horizontal sections through a single 
nucleus entering upon the second cleavage mitosis; all but a very small portion of 
the nucleus is included in these sections. The first cleavage furrow extends in a 
direction nearly parallel to a line connecting the two asters. Bichromate-acetic- 
formalin fixation; stained with borax-carmine Lyons-blue picric-acid. X 400. 
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Explanation of Plate VI. 

Cryptobranchns allgeheniensis . 

Fig. 27. Horizontal section through a nucleus in a late prophase of the second 
cleavage mitosis. A small portion of each group of chromosomes is left in each 
of the adjacent sections. The axis of the spindle lies in a direction nearly parallel 
to the plane -of first cleavage. Fixed with bichromate-acetic-formalin; stained 
with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 28. Horizontal section through one of the daughter-nuclei in a late stage 
(early telophase) of a second cleavage mitosis. Orientation as in the preceding 
figure; the second cleavage furrow is not yet formed. Fixed in Zenker’s fluid; 
stained with iron-hsematoxylin. X 400. 

Fig. 29. Horizontal section through one of the daughter-nuclei of a second 
cleavage mitosis; early resting stage. Part of the nucleus is left in an adjacent 
section where it is likewise distinctly double. The plane of apposition of the two 
nuclear vesicles is parallel to the first cleavage furrow, and at right angles to the 
second cleavage furrow which is beginning to form. Bichromate-acetic-formalin 
fixation; stained with iron-haematoxylin. X 400. 

Fig. 30. Horizontal section through one of the daughter-nuclei of a second 
cleavage mitosis; resting stage. A portion of the nucleus is left in each of the 
adjacent sections where it is likewise distinctly double. The plane of apposition 
of the two nuclear vesicles is parallel to the plane of first cleavage, and at right 
angles to the beginning second cleavage furrow. Bichromate-acetic-formalin 
fixation; stained with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 31. Vertical section through one of the daughter-nuclei of a second cleavage 
mitosis; resting stage. The section is taken parallel to the plane of the second 
cleavage furrow which has just begun to form. Part of the nucleus is left in an 
adjacent section, where it is likewise distinctly double. Bichromate-acetic-formalin 
fixation; stained with borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 32. Horizontal section through a nucleus rotating into position for the 
third cleavage mitosis; almost the entire nucleus is confined to this section. The 
second cleavage furrows are present and extend nearly to the equator of the egg. 
Bichromate-acetic-formalin fixation; stained with borax-carmine Lyons-blue picric- 
acid. X 400* 
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Explanation of Plate VII. 

Cryptobranchus allegheniensis. 

Fig. 33. Horizontal section through a resting nucleus in position for the third 
cleavage mitosis. The plane of apposition of the two nuclear vesicles is nearly 
parallel to the second cleavage furrows. A considerable part of the nucleus is 
left in an adjacent section, where it is likewise distinctly double. Fixed with 
bichromate-acetic-formalin; stained with borax-carmine Lyons-blue picric-acid. 
X 400. 

Fig. 34. Horizontal section through a nucleus in position for the third cleavage 
mitosis. A line connecting the two asters is nearly parallel to the second cleavage 
furrow. Part of the nucleus is left in an adjacent section, where it is likewise 
distinctly double. Fixed with bichromate-acetic-formalin; stained with borax- 
carmine Lyons-blue picric-acid. X 400. 

Fig. 35. Vertical section through a nucleus entering upon the third cleavage 
mitosis. Part of the nucleus is left in each of the adjacent sections, where it is 
likewise distinctly double. Fixed with bichromate-acetie-formalin; stained with 
borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 36. Horizontal section through a nucleus in the late prophase of the third 
cleavage mitosis. A line connecting the two asters extends nearly at right angles 
to the first cleavage furrow. Fixed with bichromate-acetic-formalin; stained with 
borax-carmine Lyons-blue picric-acid. X 400. 

Fig. 37. Horizontal section through a daughter-nucleus of a third cleavage 
mitosis. The two nuclear vesicles remain almost in the position in which they 
were formed, but two asters are present and these have taken up a position prepara¬ 
tory to the fourth cleavage mitosis. A line connecting the two asters extends in a 
direction almost parallel to the adjacent newly-formed third cleavage furrow 
which is vertical and intersects a second furrow almost at right angles. Fixed in 
bichromate-acetic-formalin; stained with borax-carmine Lyons-blue picric-acid. 
X 400. 

Fig. 38. Horizontal section through a nucleus in position for the fourth cleavage 
mitosis. A line connecting the two asters extends parallel to the adjacent third 
cleavage furrow and almost parallel to the first furrow. Fixed in bichromate- 
acetic-formalin; stained with borax-carmine Lyons-blue picric-acid. X 400. 
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Explanation of Plate VIII. 

Cryplobranchus alleglieniensis. 

Figs. 39 and 40. Two successive vertical sections through a nucleus preparing 
for the fourth cleavage mitosis; almost the entire nucleus lies in these two sections. 
Bichromate-acetic-formalin fixation; stained with borax-carmine Lyons-blue picric- 
acid. X 400. 

Fig. 41. Another nucleus found in the section used for Fig. 39; early prophase 
of the fourth cleavage mitosis. X 400. 

Fig. 42. Vertical section through a nucleus in the metaphase of the fourth 
cleavage mitosis. The fourth cleavage furrow has not yet been formed. Bichro¬ 
mate-acetic-formalin fixation; stained with iron-haematoxylin. X 400. 

Figs. 43 and 44. Two successive horizontal sections through a newly-formed 
daughter-nucleus of a fourth cleavage mitosis. The fourth cleavage furrow is 
newly formed. Bichromate-acetic-formalin fixation; stained with borax-carmine 
Lyons-blue picric-acid. X 400. 
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Explanation of Plate IX. 

Cryptobranchus allegheniensis. 

Fig. 45. Diagrams illustrating the orientation of the germ-nuclei during the 
first four cleavage divisions. All the diagrams represent horizontal sections, and 
the germ-nuclei are assumed to lie always in the same horizontal plane. The size 
of the nucleus is exaggerated in proportion to the size of the egg. Dotted lines 
represent beginning cleavage furrows; solid straight lines represent cleavage fur¬ 
rows which have cut to the level of the nuclei. The number of chromosomes 
formed from each germ-nucleus is assumed to be six, and this is probably the correct 
number. 

A. Germ-nuclei and asters in position for the first cleavage mitosis. 

B. First cleavage mitosis. 

C. Newly-formed daughter-nuclei of the first cleavage mitosis. 

D. Nuclear vesicles and asters in position for the second cleavage mitoses. 

E. Second cleavage mitoses. 

F. Newly-formed daughter-nuclei of the second cleavage mitoses. 

G. Nuclear vesicles and asters in position for the third cleavage mitoses. 

H. Third cleavage mitoses. 

I. Newly-formed daughter-nuclei of the third cleavage mitoses. 

J. Nuclear vesicles and asters in position for the fourth cleavage mitoses. 

K. Fourth cleavage mitoses. 

L. Newly-formed daughter-nuclei of the fourth cleavage mitoses. 
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THE NATURE OF THE FERTILIZATION MEMBRANE 
OF ASTERIAS AND ARBACIA EGGS . 1 

WALTER E. GARREY. 

It is generally believed that the fertilization membrane of an 
echinoderm egg is a distinct structure formed by the egg, and 
separated from it by the liquid filled perivitelline space. Views 
quite at variance with this current one have been advanced in 
recent communications; these we believe are not justified by 
the experimental evidence which is to be considered below. 

I. Elder , 2 Kite 3 and McClendon 4 have separately maintained 
that the egg jelly is essential to the formation of the fertilization 
membrane and in one way or another enters into its composition. 
Harvey 5 has made this question one of special study and presents 
convincing experimental evidence to show that the egg jelly is 
not essential. He was able by repeated shaking and continued 
washing with sea water, to remove this jelly so completely 
that not a trace could be detected when the eggs were examined 
in India ink suspensions. Fertilizations of such eggs caused the 
formation of fertilization membranes, which however may be 
more tenuous than normally, probably due to the fact that the 
jelly facilitates the membrane formation by acting as a mechan¬ 
ical block to the diffusion of the membrane forming colloid 
(“ membranogen ”) which was thus retained in more concentrated 
solution and consequently formed a denser membrane. 

J. Loeb 6 found that hydrochloric acid would dissolve the jelly 

1 From the Physiological Laboratory of Tulane University, New Orleans, and 
the Marine Biological Laboratory, Woods Hole. 

2 Elder, Arch. f. Enlwick., 1913. XNXV., 195. 

3 Kite, G. L., Science , 1912, N.S., XXXVI., 562. 

4 McClendon, J. F., Internal. Zeitschr. f. physik. chem . Biol., 1914, I., 163. 

6 Harvey, E. N., Biol. Bull., 1914, XXVII., 237. 

6 Loeb, J., Science , 1914, N.S., XL., 318. 
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from the eggs of Strongylocentrotus purpuratus and that after 
subsequent treatment with sodium hydroxide and calcium 
chloride, starfish sperm caused the formation of fertilization 
membranes and induced development. F. R. Lillie 1 found that 
Arbacia “eggs are fertilizable” after complete removal of the 
jelly by Loeb’s method. Loeb and Kupelwieser 2 caused the 
formation of fertilization membranes by treating eggs with buty¬ 
ric acid; these were freed from every vestige of membrane and 
jelly was removed by shaking, yet upon insemination they were 
able to form new fertilization membranes. Moore 3 noted that 
egg fragments, produced by shaking, formed membranes upon 
entrance of the spermatozoon. These observations indicate that 
the egg jelly is not essential for the formation of the fertilization 
membrane. 

II. The facts considered in the preceding section make us 
doubt the validity of the hypothesis advanced by McClendon 
that the fertilization membrane is formed by the process of 
precipitation due to the contact of two colloids carrying opposite 
electric charges; viz., the egg jelly which McClendon states is 
electro-negative and another colloid (membranogen) derived from 
the egg which he found to be electropositive. This view is 
rendered quite untenable when we consider the fact that fertiliza¬ 
tion membranes are formed about echinoderm eggs by Loeb’s 
well-known methods of inducing artificial parthenogenesis by 
treatment with weak fatty acids. These acids act only after 
penetrating the egg-jelly in the course of which event they impart 
to that colloid the positive electric charge of the dominant 
hydrogen ion; they therefore have the same charge as the 
colloids of the egg and the requisite conditions for precipitation 
of colloids do not exist. 

It has furthermore been shown that in the chemical fertiliza¬ 
tion of Asterias eggs either acids or alkalies may be used to induce 
membrane formation. The electric charge of the jelly is positive 
when acids are used and negative with alkalis; obviously the 
charge is not of opposite sign to that of the egg substance 
(membranogen) in both cases. 

1 Lillie, F. R. t Biol. Bull., 1915, XXVIII., 24. 

2 Kupfehveiser, H., Arch. f. Enlw ., 1909, XXVII., 434. 

3 Moore, A. R., Univ. California Pub., 1912, IV., 89. 
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Upon treatment* with acids the egg jelly swells perceptibly 
and also removes the acid from solution either by adsorbing it 
or by chemically uniting with it. In either event the jelly 
becomes electropositive. The fixation of the acid is shown in 
the following experiments. 

Ripe eggs from Asterias ovaries are shed in sea water and 
allowed to settle to the bottom of a graduated cylinder. The 
supernatant liquid is decanted and enough fresh sea water added 
to the mass of eggs to equal three times their volume. The 
cylinder is actively shaken and the eggs again are allowed to 
settle. The clear supernatant fluid containing a considerable 
amount of the jelly is now decanted off and an equal volume 
of N /500 butyric acid added. Fresh Asterias egg do not form 
fertilization membranes in this acid-jelly mixture but do so in 
a control solution of N/i ,000 butyric acid in sea water. On the 
other hand fertilization membranes are formed at once in the 
acid-jelly mixture after the further addition of an equal volume 
of iV/500 butyric acid sea water, thus indicating clearly that the 
initial effect of the jelly is to remove the acid from solution and 
that membrane formation is induced only when acid is present 
in excess of the amount necessary to saturate the jelly. Neglect 
in the observance of this precaution doubtless has been the cause 
of many failures to obtain good artificial fertilization by this 
method in case large masses of eggs have been added to small 
amounts of acid sea water. Loeb 1 cautioned against such a loose 
procedure. Under such conditions the relatively large amount 
of adherent jelly fixes the acid and prevents it from acting on 
the eggs. 

III. The formation of fertilization membranes after the com¬ 
plete removal of the jelly indicates the origin of this structure 
from the egg. The following experiment furnishes a simple but 
equally conclusive mechanical demonstration of this fact. Fer¬ 
tilization of the eggs of Asterias either by sperm or by artificial 
means.such as acid or heat (30-33° C.) is possible not only after 
maturation but also earlier, when the nuclear membrane about 
the germinal vesicle just begins to fade (De Lage 2 ); in fact I have 

1 Loeb, J., “Artificial Parthenogenesis" (Chicago), 1913, 69. 

, 2 DeLage, Y., Arch, de zool. cxper. et gen., ser. 3, IX., 285. 
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often observed that fertilization is possible even before the 
nuclear membrane begins to fade. After both polar bodies were 
formed I found that fertilization by any means caused the forma¬ 
tion of the membrane between them and the egg surface, from 
which they were lifted and pushed away as the membrane moved 
outward. They are seen to lie in the saucer-like depression in 
the outer surface of the membrane, which results from the 
resistance offered by the egg-jelly to the pressure developed in the 
perivitelline space. After staining with dilute methylene blue, 
examination removes all doubt that the polar bodies are entirely 
outside the membrane. 

By so timing the fertilization that only the first polar body has 
been formed, it will be pushed away from the egg outside the 
fertilization membrane while the second polar body, being formed 
much later, remains at the surface of the egg, and therefore inside 
the perivitelline space. Similarly by fertilizing before matura¬ 
tion the fertilization membrane will have been formed and will 
have left the surface of the egg before the polar bodies are ex¬ 
truded. These remain at the surface of the egg and therefore 
within the perivitelline space. By manipulation they may be 
shaken free from the surface of the egg and moved about freely. 

IV. Kite 1 has stated that the “so-called fertilization membrane 
of the egg of Arbarici consists of three parts, viz., the inner layer 
of the egg jelly which has undergone a change in refraction index, 
the swollen vitelline membrane, and the thin highly refractive 
surface layer of the cytoplasm. This hyaline layer is still very 
adherent to the vitelline membrane.” Kite thus conceives the 
vitelline membrane to remain attached to the egg, to become 
swollen and edematous and to fill completely the entire space 
between the egg and the jelly which in turn is altered in refrac¬ 
tive power to appear like a separate membrane. That the egg 
jelly is non-essential has been shown. The other features of 
Kite’s conception can likewise be demonstrated to be erroneous 
both for Arbacia and Asterias . In these forms what appears to 
be the fertilization membrane is far more than the outer refractive 
part of an invisible thick layer of “gel” formed by a swelling of 
the vitelline membrane. It is a true, thin membrane formed 

1 Kite, G. L., Science, 1912, N.S., XXXVI., 562. 
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by the egg and separated from its surface by a liquid filled space 
as is indicated by the following considerations: 

1. This new structure has entirely different permeability from 
that of the surfaces of either the fertilized or unfertilized eggs 
which are very slightly permeable to neutral salts, so that the 
eggs are plasmolyzed and crenated by hypertonic saline solutions. 
Salts however must penetrate the fertilization membrane freely 
to effect this change in the egg and that they do so is further 
shown by the fact that the fertilization membrane retains its 
round contour and distended condition when placed in the hyper¬ 
tonic or hypo-tonic salt solutions. The differences in permea¬ 
bility thus far demonstrated speak against the origin of the 
membrane from a pre-existing structure on the surface of the egg. 

2. Kite's description is proven incorrect by the demonstration 
of the fact that the fertilization membrane is separated from the 
surface of the egg by a space filled with liquid and not occupied 
by a swollen gelatinous vitelline membrane continuous with the 
surface of the egg on the inside and with the egg jelly on the 
outside. Dr. Robt. Chambers by removing this liquid from this 
space for me by the use of his micro-pipette has produced a 
collapse of the membrane. Allusion has already been made to 
the fact that polar bodies extruded after the formation of the 
fertilization membrane may be separated from the egg surface 
by manipulation and are then free to assume various positions 
in the space; this could be possible only in liquid but certainly 
not if the space was occupied by any sort of a “gel." 

Professor J. Loeb has shown that the fertilization membrane 
of echinoderms is impermeable to such colloids as egg white, 
shark’s serum, and even tannic acid. These materials, if added 
to sea water, cause the thin membrane to crumple onto the 
surface of the enclosed egg by the osmotic extraction of water 
from the intervening space; but the membrane regains its original 
contour when replaced in sea water. This latter fact suggested 
to Loeb the probability that the space contains some colloid in 
solution secreted by the egg at the time the fertilization mem¬ 
brane is formed. To this colloid the membrane is impermeable; 
it therefore exerts its osmotic pressure in excess of that due to 
the salts of the sea water, serves to raise the membrane from the 
surface of the egg and to keep it distended. 
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Experiments by the writer have shown that when fertilized 
eggs of Astericis or Arbacia are placed in a two per cent, solution 
of Witte’s peptone in sea water the fertilization membrane 
crumples instantly as in Loeb’s experiments, but that when 
allowed to remain in the solution the membranes are again 
distended, indicating that they are slowly permeated by the 
albumoses in this preparation. Such results can only be ob¬ 
tained where a semi-permeafc>le membrane, one permeable to 
salts but impermeable to colloids, encloses a space containing a 
colloidal solution. 

4. Still other facts show that the space between the fertiliza¬ 
tion membrane and the egg surface is filled with a fluid and not 
with a gel. If Astenas eggs are heated to 33 0 C. they form 
fertilization membranes in from three to five minutes. By 
further warming for fifteen minutes they show slow amoeboid 
movements after they have been returned to sea water at 20° C. 
They may migrate about in the space enclosed by the thin 
fertilization membrane and up close to that structure at any 
point. They may throw out long streamer like pseudopodia 
which meet with no check to their progress anywhere in the 
space till they reach the thin confining fertilization membrane. 
This over-heating process may lead to droplet formation and 
ultimately to partial or complete disintegration of the egg; 
tiie debris thus formed is scattered throughout the space and is 
never held away from the thin fertilization membrane by any 
gelatinous structure. Similarly if the fertilized eggs of Asterias 
are subjected to the action of diluted sea water they may be 
caused to swell until each presses tightly against the confining 
fertilization membrane and completely fills the space. Cytolysis 
will result in sea water which has been sufficiently diluted and 
in this case, as in that of cytolysis caused by prolonged warming, 
the granular material completely fills the perivitelline space 
which may be more than twice the original diameter of the egg. 
When extra-ovates rupture through the fertilization membrane 
after treatment with hypotonic solutions, the egg is drawn over 
tightly against the inner surface of the membrane at the point 
of rupture, the thinness of the membrane being evident at the 
constricted neck between the extra-ovate and the main egg mass. 
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Again, in the formation of the blastula the cells range up close 
to the inner surface of the fertilization membrane and completely 
obliterate the interior space giving a further indication that 
neither a thickened vitelline membrane nor any “gel” is there. 

These demonstrations may be made immediately after fertiliza¬ 
tion so that there is no necessity to assume that the vitelline 
membrane or a gel in .the perivitelline space has had time to 
undergo liquefaction. 

The above facts and others which might be referred to all 
indicate the fluid character of the contents of the space between 
the fertilization membrane and the egg surface and serve to 
substantiate the conception of the fertilization membrane stated 
in the opening paragraph of this communication. In the case of 
both Arbacia and Asterias the fertilization membrane is a struc¬ 
ture which arises at the surface of the egg and is subsequently 
lifted from it and distended by fluid. Depending upon the 
time of fertilization of Asterias eggs relative to the formation of 
the polar bodies these structures may be outside the fertilization 
membrane, inside the perivitelline space or the first outside 
and the second within the fertilization membrane. 

Heilbrunn 1 has reviewed the subject of membrane production 
by Arbacia eggs under the influence of various chemicals. He 
concludes with Herbst and others that in this form the membrane 
exists preformed on the surface of the unfertilized egg and that 
fertilizing agents merely cause its elevation. He gives evidence 
in support of the view that this elevation is the result of lowering 
of surface tension and swelling of proteins beneath the membrane. 
In the light of our findings it is clear that the fluid character of 
the contents of the intra-membranal space and the progressive 
increase in its bulk as the membrane is lifted away from the egg 
indicate that the colloids are in solution and that the process 
involves the osmotic attraction of water. 

It is not yet demonstrated that a membrane exists preformed 
on the surface of unfertilized Asterias egg and the formation of a 
membrane on a fragment of Arbacia egg as described by Moore 
(loc. cit.) are facts which speak, in these instances, for the forma¬ 
tion of the fertilization membrane de novo . 

1 Heilbrunn, Lewis V., Biol. Bull., 1913, XXIV, p. 343. 


THE EFFECT OF ULTRA-VIOLET LIGHT RAYS UPON 
THE DEVELOPMENT OF THE FROG’S EGG. 


\V. M. BALDWIN, 

Department of Anatomy, Union University (Albany Medical College). 

Ij The Artificial Production of Folded (U-shaped) 

Embryos. 

This paper is the second of a series dealing with an investiga¬ 
tion of the nature and mechanism of causation of certain ab¬ 
normal, developmental results obtained by raying certain re¬ 
stricted areas of the fertilized ovum of the frog by means of 
ultra-violet light rays. Since the first paper dealt with the pro¬ 
duction of a single type-defect, spina bifida, the possibility of 
production of another constant and fixed experimental result, 
a folded or U-shaped embryo, justifies the separate consideration 
of that result in this contribution. Once again the value of the 
physical method of attack upon the complex problem of de¬ 
velopmental reaction is demonstrated. In this problem we are 
concerned with a readily controllable and constant, causative 
agent on the one hand and a uniform embryological defect on 
the other. This one technical condition permits of a more 
thorough analytical inquiry into the mechanism of production 
of this developmental defect. In addition to this consideration, 
however, as is to be expected the experiment gives further insight 
into the genetic constitution of the fertilized, undivided ov um, 
and, more specifically, helps in the identification and location of 
the organ forming substances and anlagen. The apparatus used 
for the experiment was that detailed in the preceding paper. 
Some of the work was done, however, with an apparatus for 
the use of which I am indebted to Mr. W. S. Andrews, of the 
General Electric Company at Schenectady. With both forms 
of apparatus, the surface area concentration of the rays was 
increased through the* use of convex quartz lenses. 

The eggs used were those of the common species of frogs found 
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around Ithaca and also Schenectady, N. Y. These were collected 
early in the morning, as soon as possible after laying. They 
were brought into the laboratory, divested of their jelly, and 
rayed while still in the undivided or two-celled stage. A thin 
tin-foil diaphragm perforated by a hole three tenths of a milli¬ 
meter in diameter shielded most of the surface area of the eggs 
from the rays but permitted a relatively small portion of that 
area to be influenced. After raying, the eggs were transferred 
to a jar containing 1,000 c.c. of tap water in which they were 
permitted to develop, the water being changed frequently. 

Physicists have definitely established the fact that ultra-violet 
light rays possess a very slight penetration capacity. \Ye are 
justified, hence, in assuming that the chemical alterations pro¬ 
duced by the rays acting under these conditions were restricted 
to a superficial layer of protoplasm of the egg in the restricted 
area mentioned. The interpretations presented in this paper 
are made, accordingly, upon that basis. 

The surface area of the egg subjected to examination in this 
experiment is best demonstrated by a reference to Fig. i. A 



#r 

two-cell ovum is shown with the animal pole uppermost. The 
broken line marks out the area investigated. As is to be seen 
this extends from the region of the equator up towards the animal 
pole but is exclusive both of the pole itself and of a narrow median 
strip which connects the latter with the equator. As can be 
seen this region is exclusive of the gray crescent. Different 
portions of this area were rayed successively with the three 
tenths millimeter beam of light. As a result, when development 
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was permitted to progress without further interference, the long 
axis of the trunk of the embryos was invariably bent towards 
one or the other side. The level of this bending or flexure of 
the trunk depended directly upon the location of the area in¬ 
fluenced by the light. 

Since the jelly which envelops the eggs had been found in 
the spina bifida experiments to be impervious to ultra-violet 
light rays, care was taken to remove it prior to the experiments- 
As a result a marked increase in the percentage of positive results 
followed the raying. Where, as was the case more particularly 
with green frog’s eggs, the jelly could be removed almost com¬ 
pletely, about every egg rayed developed an abnormality which 
conformed to this general, U-shaped type. Three type-experi¬ 
ments may be presented for the purpose of demonstrating the 
constancy of results. On May 27, 1914, 9 eggs in the two-celled 
stage were rayed, each for 1 minute. One died before develop¬ 
ment had progressed more than 24 hours. Of the 8 remaining 
all were U-shaped. Three of these were permitted to develop 
until the tail and head were well*formed. The others were killed 
at earlier developmental stages. On June 18, 1914, 25 eggs 
were rayed, each for 30 seconds. These were in the one- and 
two-celled stage. Various portions of the prescribed area above 
the equator were influenced. Three died within 24 hours, one 
lived until the neural groove had disappeared and presented a 
marked curvature of the trunk. All of the remaining 21 were 
U-shaped. On June 23, 1914, an exposure of 19 eggs in the one- 
and two-celled'stage was made, each for 30 seconds. Eight of 
these were rayed in the designated area, and 11 along the equator. 
One of the eight died early, of the remaining 7 all were U-shaped. 
The 11 others demonstrated spina bifida. 

The inference seems justifiable, therefore, that the constant 
type of defect produced is the result of a constant and uniform 
degree of alteration of the superficially-placed egg substance in 
the area illuminated. Just what the nature of this effect is we 
are at present unable to state. It would appear that the proto¬ 
plasm, using this term in its broadest sense, had been modified 
in some chemical way to a degree which not only rendered it 
unfit for participation in the subsequent chemical ontogenetic 
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processes of which it normally was a part but, in addition, caused 
its presence to act as a mechanical hindrance to the developmental 
shifting of anlagen. 

Studies of the action of ultra-violet light rays have produced 
proof that proteins, carbohydrates, and lipins may be chemically 
altered by means of this form of energy. To review the experi¬ 
mental results briefly: Massol and Kluyver have ascertained 
that starches may be altered, and Stoldasa, Zdobnicky, Chau- 
chard and Mazone, and Pougnet that they may be ultimately 
broken up. Diastase may be liberated in plants (Maquenne and 
Demoussy). Bierry, Henri, and Ranc have inverted cane sugar. 
Agulhon, Maurain and Warcollier, and Raybaud ' presented 
evidence that the action of enzymes in the presence of oxygen 
was weakened and destroyed by ultra-violet light. Furthermore, 
albumen may be coagulated (Bovie) and the iodine content of 
fats may be lowered (Roemer and Sames). Thus we may 
reasonably infer that ultra-violet light rays are capable of bringing 
about certain chemical modifications of the protoplasm of the 
cell to all or to part of which we may attribute the abnormality 
in development noted. The. evidence is lacking at present, 
however, which might enable us to associate this developmental 
result with a specific alteration of protein, of carbohydrate, or 
of lipin. 

It was pointed out in the preceding paper that the superficial 
mass of altered protoplasm situated between the approximating 
neural ridges prevented their normal fusion with the consequent 
formation of a complete neural tube. The condition of spina 
bifida resulted, therefore, as a direct result of the mere mechanical 
interruption of this process. The action of the altered proto¬ 
plasm was owing entirely to its passive function as a mass which 
mechanically interfered with the medianward, migratory move¬ 
ment of the hemineural anlagen. At least, in this one factor 
could be found sufficient evidence as the causative condition of 
this abnormality. 

In the present instance of the U-shaped embryo, however, the 
inert mass was located lateral to and above the level of the hemi¬ 
neural anlagen. It could not, therefore, by virtue of inter¬ 
position mechanically interfere with the approximation of the 
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neural tube-halves. Because of its lateral position and close 
relationship to one of these halves it might exert, however, a 
restraining influence upon the rate of migration of the tube-half 
of the corresponding side of the egg. This retardation of the 
shifting of the hemineural anlagen on the affected side induced a 
correspondingly exaggerated migratory process in the anlagen 
upon the unaffected side of the egg. As a result of this loss of 
coordinated, migratory movement, the anlagen upon the affected 
side had not yet reached the median plane before fusion took 
place with the unaffected anlagen by reason of their exaggerated 
migration. The normal angularity of the hemineural long-axis 
persisted more or less completely, therefore, in the adult tadpole 
as a result of this process. This was expressed by the curvature 
of the trunk invariably towards the affected side. The location 
of this flexure, as was stated above, was directly dependent upon 
the segmental level of the affected area of protoplasm. 

It is a singular fact that the histological sections failed to 
demonstrate a single gross or microscopic defect in these embryos. 
The viscera developed normal in shape and in size. No defects 
could be recognized in the muscle segments. The mass of these 
in the concavity of the flexure was estimated roughly to be the 
same as that of the corresponding segments on the convex side 
of the body though their shape was necessarily distorted to fit 
the concavity. The yolk mass of the trunk of the embryo was 
completely utilized in the differentiation of the tissues and in the 
metabolical processes of the embryo. There was no evidence at 
any time that a portion of this yolk mass had been rendered 
completely inert by the rays and consequently excluded from 
participation in the normal chemical developmental processes 
of the body. 

The action of the rays inferentially, therefore, had not induced 
such chemical changes as would permanently eliminate the sub¬ 
stances affected from participation in .the normal organo-genetic 
or somatogenetic processes. But the rate of chemical modifica¬ 
tion of these substances in participation in the normal metabolical 
processes of the embryo was, however, retarded. We may find in 
this retardation of chemical participation additional evidence 
for the causation of the check of the normal lengthening process 
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of the embryo on the affected side. The opposite side progressed 
approximately at its normal, but comparatively greater, rate. As 
a result, the flexure of the neural tube increased proportionate 
to the developmental progress of the embryo. In other words, 
as an embryo increased in age the angle formed by the trunk with 
the tail became more and more acute until a condition was 
arrived at finally in which the long axis of the trunk lay parallel 
to that of the tail. 

The sketches presented with this paper are intended merely 
to demonstrate the general morphological and histological fea¬ 
tures which are characteristic of the development of these ab¬ 
normal, U-shaped embryos. It may be stated, however, that 
no great attempt has been made to make them faithfully repre¬ 
sentative of all of the histological details of the tadpoles. In 
many instances the drawings are composite. In every instance, 
however, the basis of each drawing has been an actual specimen. 
The figures are to be interpreted, therefore, as merely type 
representatives of the numerous examples which are illustrative 
of the peculiarities of this form of abnormal development. 

Fig. 2 represents an embryo in the early stages of development 



Fig. 2. 

viewed from the dorsal aspect. The deep furrow which pene¬ 
trates from the left, to and beyond the center of the embryo 
mass represents the line of apposition of the two portions of the 
right flank of the embryo which is so bent upon itself that the 
right surface of the tail region is in contact with the right surface 
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of the head region. Actual continuity of the tissues, however, 
does not exist. The cephalic end of the embryo, which is repre¬ 
sented below and to the left of the sketch, is distinguished by its 
greater transverse diameter. The area of protoplasm in this 
specimen affected by the rays lay in the concave bend of the 
trunk at the extremity of the cleft. It will be noted that this 
flexure is sharply restricted to a relatively small portion of the 
embryo. Cephalic to and caudal to this level, both the head-end 
and the tail-end of the embryo are, respectively, of normal shape. 

Occasionally, the two neural tube-halves fail to unite in the 
caudal region, bringing about a condition which is demonstrated 
well by Fig. 3. In this the yolk mass is represented as projecting 



to the right between the caudal extremities of the divided neural 
tube. This is an early developmental feature in the production 
of the condition of spina bifida, the divided condition of the 
neural tube-halves persisting in the adult free-swimming tadpole. 
The bend in this particular embryo is represented as occurring 
high up in the trunk region. The cephalic end of the embryo is 
shown with its right surface resting against the right neural 
tube-half caudally. As was noted in connection with the pre- 
ceeding figure, so is it likewise true of this, both cephalic to 
and caudal to the angle of the fold, aside from the features of 
spina bifida, the appearance of the embryo is practically normal. 
The stages of development represented by these two figures are 
relatively early, consequently but little of the ordinary features 
of external configuration of the embryo can be made out. 
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A still later stage of development demonstrating a more 
marked differentiation of the tail from the head region is shown 
by Fig. 4, while the tadpole in Fig. 5 represents the external 
features of these tadpoles during the free-swimming period. In 
this latter picture, the sucker, the eyes, the external gills and the 



tail fins are readily made out. The sharpness of the fold in the 
trunk in both instances indicates a restricted localization of the 
alteration produced in the protoplasm of the developing ovum. 

These creatures are unable to straighten out the flexure of 
the trunk. They swim, as was noted before, by means of 
ordinary tail movements, the vigor of which is not impaired 



in any single instance. As can readily be understood by refer¬ 
ence to the figure, however, the abnormal position of the caudal 
long-axis, with regard to the long-axis of the head and remaining 
portion of the trunk, is such that the swimming movements of 
the tail tend to force the embryo about in a circular or spiral 
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direction. Because of the condition of fixity of the bend pro¬ 
gression directly forward is necessarily out of the question. 

The deformity represented by Fig. 6 is illustrative of the second 
mechanism of production of the folded embryos. The concave 
side of the neural tube, to the right in the figure, is occupied 
by irregular bulgings of the epidermal surface of the embryo. 
When the development of embryos conforming to this type is 
followed from day to day, it is noted that the flexure of the neural 
tube becomes greater from day to day. The apparent occasion 



of this is referable chiefly to two factors; one, the normal but 
relatively more rapid growth of the normal myomeres to the 
left of the longitudinal axis of the body, and the other, to the 
relatively, and actually slower, growth of them upon the concave 
side of the median body plane. Histological studies demon¬ 
strated as well that differentiation in the myomeres upon the 
affected side was somewhat retarded. 

There are, therefore, these two general developmental mechan¬ 
isms either of which leads to the production of a U-shaped 
embryo. In one the angularity of the bend is constant from the 
time of its first appearance in the embryo, whereas in the other 
this angularity increases with the succeeding stages of differentia¬ 
tion and growth of the anlagen. The end result is identical, 
however, in both instances both from the morphological and the 
histological standpoint. Furthermore, in both instances the seg¬ 
mental relationship of the bend to the area of protoplasm altered 
in the ovum is the same. 
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The broken lines shown in Fig. 4 bear numerals which corre¬ 
spond to the planes of section represented by the succeeding 
figures, 7 and 8. The cross-section represented by 7, therefore, 
passes through the embryo at the level of the fold in the neural 
tube. The two halves of the yolk mass with sections of the 



Fig. 7. 


enteron which belong, the one to the cephalic end and the other 
to the caudal end of the embryo, are shown separated from each 
other by a deep cleft lined by ectoderm. Dorsal to the enteron 
lie two sections of the notochord with the myomeres sectioned 
in their long-axis between them. Between and dorsal to these 



Fig. 8. 


two portions of the notochord, the oblique section of the bend 
in the neural tube, demonstrating the neurocele as well, is to be 
seen. The level represented by Fig. 8 includes the region of the 
brain and subjacent pharynx to the right and the trunk to the 
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left. Both portions of the embryo are connected with each 
other by a narrow strip of mesenchymal tissue at the bottom 
of the epidermal cleft. The notochord is to be seen only in the 
left half of the embryo with the myoblastic tissue to either 
side of it, the enteron ventral and the neural tube dorsal. The 
stage is so early that most of the yolk cells are in an undiffer¬ 
entiated condition. 

Figs. 9, io and n are sections of one and the same embryo. 



Fig. 9. 

In this the bend of the trunk occurred at about the level of 
its middle segment. The section-knife encountered both the 
neural tube and the notochord at their curvature. The un¬ 
differentiated yolk-mass of the two limbs of the U are connected 
by a relatively slender commissure-like mass of yolk cells and of 



mesenchymal tissue. The section of Fig. 10 taken at about the 
level 8 of Fig. 4 demonstrates on the left the transsected noto~ 
chord with the cephalic end of the definitive spinal cord corsal 
to it, both imbedded in myoblastic cells not yet well differ¬ 
entiated. A section of notochord and of spinal cord with the 
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enteron ventrally placed to them are to be seen in the right half 
of the sketch. There is no indication at this early stage of a 
beginning formation of the anlagen either of the liver or of the 
pancreas. The section represented by 11, however, passes 
through the head region at the level of the eyes. To the left in 
this sketch there can be identified the cephalic portion of the 
neural tube with its well-differentiated walls showing a degree of 
stratification. The neurocele appears clear and contains no cell 



detritus. The neuroblasts do not demonstrate any pathological 
features. A thin layer of mesenchymal tissue intervenes between 
the roof of the neurocele and the epidermis. Immediately ventral 
to this section of the brain cavity the knife has encountered 
another portion of the normally folded brain stem with its 
ventricle and, projecting to either side from its ventral aspect, 
a portion of the optic commissure and stalks proceeding laterally 
to the optic cups. The cytological appearance of these structures 
presents no departures from normal. The cavities are free from 
cell detritus. The lens of the eye on both sides is in its normal 
position. Stratification of the walls of the optic cup, of the 
stalk and of the brain vesicle have progressed to their normal 
relative degree. Immediately ventral to these structures in the 
median line is shown a section through the pharynx, the cells of 
which, as well, show none but normal features. The right half 
of the sketch demonstrates the prominent caudal fin, transected 
neural tube and notochord, and the caudal extremity of the 
enteron, the last embedded in the dorsal region of the yolk 
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mass. The mesenchymal tissue to either side of the neural 
tube and notochord presents normal features. 

Comparable to the levels represented by Figs. 7 and 9 is the 
section represented by Fig. 12. Here again the flexure of the 
neural tube lies dorsal to the notochord sections. Immediately 



ventral to the latter the forms of the elongated myoblasts are 
to be made out. A relatively early stage of development of the 
enteron is evidenced by the condition of the yolk cells, the sym¬ 
metrical masses of which are separated by the deep epidermal 
cleft. 

In the succeeding four figures, 13, 14, 15 and 16, embryos are 



Fig. 13. 



Fig. 14. 


represented in each of which the angularity of the flexure was 
not sufficient to bring the long axis of the two body portions 
parallel to each other. In each instance, the cephalic extremity 
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of the embryo projected from the trunk at approximately a right 
angle. Consequently the neural tube is sectioned in the head 
region parallel to its long axis, but in the trunk region at right 
angles to its long axis. In Fig. 14, for instance, the head end 
of the embryo projects to the right. The walls of the brain 



Fig. 15. 

vesicle demonstrate no abnormal features. Because of a certain 
amount of twisting of this extremity but little of the pharynx 
appears in the section upon the ventral aspect of the brain stem. 
At the left extremity of the neural tube an almost perfect trail- 



Fig. 16. 


section of the cephalic end of the cord is shown. The notochord 
with the transected enteron and the yolk-cell mass are repre¬ 
sented immediately ventral to the tube. In Fig. 15, the cephalic 
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extremity of the embryo is shown above to the left resting upon 
the trunk of the embryo. Here again approximately the long 
axis of the brain tube has been encountered by the section knife. 
Stratification of brain walls has begun. The enteron together 
with the notochord lie to the right in the sketch. The meso¬ 
dermal cells constituting the wall of the pharynx lie immediately 
ventral to the brain tube. Fig. 16 presents these same general 
features and, in addition, a bifid appearance of the caudal 
portion of the neural tube upon the right side of the sketch. 
The ectoderm folds in between the two tube-halves each of 
which, while presenting an entire tube, demonstrates its deriva¬ 
tion by reason of the thinning of its medial wall. This appear¬ 
ance has been previously referred to in the paper on the condition 
of spina bifida. 

It is to be noted that not one of the histological sections, 
which are presented, as was mentioned before, as merely t5^pical 
instances of the appearance of the tissues during the different 
developmental stages of the embryos, presents any indications 
whatever either of cell or of tissue disorganization. There is no 
indication of the presence of degenerated areas of protoplasm 
either in the yolk mass or in the normal body cavities, nor can 
there be found any degenerated or extruded nuclei. The organs 
of the embryo such as the enteron, the brain, the cord, the myo¬ 
meres, the notochord, and so on, seems to be normally formed 
and are of the normal size. So far as can be ascertained through 
the study of longitudinal sections of the myomeres at the level 
of the bend in the trunk the cause of this phenomenon is not, 
apparently, referable either to a degeneration or to a falling 
out of myomeres upon the concave side of the trunk. As might 
be reasonably expected, however, the myomeres upon this side 
have a form which departs from the normal in so far as the 
segments conform to the concavity. The corresponding seg¬ 
ments on the opposite side of the fold are consequently relatively 
elongated. The normal morphological appearances of the tissues 
argued for a normal physiological activity as well, and this seemed 
to be attested by the movements and general vitality of the 
tadpoles. None of these tadpoles was permitted to live, however, 
to the period of transformation. 
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In the preceding paper on “The Artificial Production of Spina 
Bifida” it was noted that, apparently, the proanlagen and 
anlagen of the embryo were restricted to the pigmented hemi¬ 
sphere of the egg, that the raying of a small localized surface- 
area of the yolk hemisphere or of the region of the quarter pro¬ 
duced invariably the condition of spina bifida in the embryo. 
It was noted in these embryos, however, that indications of the 
destruction of cell groups or of definite areas of protoplasm in the 
adult tadpoles were absent. No gross structural defects of organs 
aside from the bifid character of the spinal cord were demon¬ 
strable. Where the dosage of ultra-violet light ray energy was 
sufficiently great, however, a mass of protoplasm equal in size 
to the superficial area affected was extruded from the body of 
the embryo. This was observed as well in this present experi¬ 
ment. ^ Under such conditions naturally the developed embryo 
demonstrated both an organic and a structural defect. When 
the dosage is reduced in amount, however, it is demonstrated 
both by these and by the spina bifida experiments that the possi¬ 
bility exists for the production of a developmental defect the 
structural cause of which may not be present or recognizable in 
the adult. The absence of atypical cytological characters as 
well as organic defects and of exovates must force us to the con¬ 
clusion that either such did exist for a longer or shorter period 
during the development of the embryo and subsequently became 
incorporated into the structure of the body as the result of an 
elaborate but delayed chemical transformation, or that there 
ensued upon the raying a transitory suspension of the physio¬ 
logical activity of the cells affected with a later complete resump¬ 
tion of that activity. Either conclusion must force us to pre¬ 
sume, however, the presence of a chemical alteration either of 
cell content or of cell mass as a direct result of the raying. 
Indeed, it would be rather difficult to contend that no change 
was brought about in the chemical composition of the protoplasm 
in the area affected by the rays. 

Since it has been definitely proved that protein substances, 
carbohydrates and lipins may be altered to some degree in their 
chemical constitution by this form of energy, it does not appear 
to be unreasonable to infer that one or all of the corresponding 
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groups of substances may be susceptible to the influence of the 
rays while still in the living ovum. Exovation as the direct 
result of the application of a great amount of energy may be 
cited as an instance of this alteration. The normal histological 
features of the embryo, and of the adult tadpoles, however, 
argue the presence of a process of restoration or of regeneration 
during the time of development of the embryo of the changes 
which were brought about through the activity of the rays. 
It might be assumed, accordingly, that the chemical modifica¬ 
tion thus artificially produced is gradually rectified during the 
developmental cycle but during the early stages of this process 
the substances involved are incapable of entering into their 
normal functions in the chemical elaboration of the pro-anlagen 
and anlagen. The resultant action of these altered substances 
might be interpreted, therefore, as that of an inert body which 
serves, as was seen to be the case with the spina bifida embryos, 
as a check to the gross, mechanical shiftings characteristic of 
the normal genesis of the anlagen. The absence of an area of 
altered protoplasm or of organic defects in the adult tadpole 
is the basis for the logical argument that the chemical readjust¬ 
ment of the protoplasm, altered by the rays, is ultimately com¬ 
pleted to the degree that this protoplasmic mass does enter 
finally into its usual function in the elaboration of the normal 
anlagen. 
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I. Introduction and General Statement of the Problem. 

Observations on vertebrate teratology date almost from the 
beginning of descriptive biology, though active accumulation of 
experimental data on the frog especially, began little more than 
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a quarter of a century ago. Among the early papers on the 
subject may be mentioned those of 0 . Hertwig (1892, 1894 
1895,1896); Gurwitsch (1895, 1896); Morgan and Tsuda (1894). 

These and other workers have studied the early development 
of certain teleosts, amphibia and birds under the influence of 
such physical factors as: gravity, mechanical pressure, tempera¬ 
ture, light, electricity and magnetism, X-rays, radium emana¬ 
tions, atmospheric pressure, and a wide variety of chemical 
substances. 

It is perhaps sufficient, here, merely to mention the essential 
similarity of terata produced by widely different methods, such, 
e.g ., as high and low temperatures, many different chemical 
agents, and heterogeneous hybridization. Equatorial gastrula- 
tion, embryos with permanent yolk plugs, with spina bifida, 
microcephalic forms and many other abnormalities in the frog 
have been produced by nearly all the methods known to experi¬ 
mental teratology. For instance, microcephalic frog embryos 
with permanent yolk plugs, and spina bifida have been produced 
by exposing different stages in development to such external 
agents as: high temperature (Jenkinson, 1909, p. 98, fig. 49); 
0.6 per cent. NaCl (Hertwig, 1894, p. 315, 316, 1895, plate XX., 
figs. 5, 6, 7, 10, 12, 15, 16, et al); fertilizing “over-ripe” eggs 
(Hertwig, 1892); strychnine (Gurwitsch, 1896); sugar solutions 
(Bataillon, 1901, figs. 2, 5); Jenkinson (1906) produced these 
same types (among many others) in a number of isotonic solutions 
of NaoSCh, K0SO4, NaN 0 3 , urea, sugar solutions, et al. 

Cyclopia in Fund ulus has been produced by physical and 
chemical agents and by hybridization. Stockard (1909) obtained 
this anomaly with the aid of magnesium chloride and for a time 
ascribed a specific cyclopia producing property to this salt. 
Later, Stockard produced cyclopic monsters with alcohol and 
other substances and was forced to abandon his theory of 
specificity. McClendon (1912) had no difficulty in producing 
cyclopia in isotonic solutions of NaCl, LiCl, MgCl 2 , NaOH and 
in alcohol, and other substances. McClendon is somewhat at a 
loss to explain his results but sums up the facts in these words: 
“We need only suppose that the cells between the eye anlagen 
are more easily affected than other cells of the embryo, to explain 
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the action of the solutions.” Werber (1915, 1916, 1917) ob¬ 
tained all the known types of terata in Fundulus by using 
substances usually found among the products of destructive 
metabolism, viz., butyric acid, acetone, urea, lactic acid, etc. 
I11 the concentrations used he found butyric acid and acetone, 
especially the latter, somewhat more effective than the other 
substances in the production of monstrous development. Werber 
looks upon abnormal development as due to a “blastolytic” 
action of the deleterious agent upon the primordial regions of 
the eggs, especially those at the anterior end of the body. 
Kellicott (1916) has secured the usual wide variety of terata in 
Fundulus simply by subjecting the early egg stages to the action 
of low temperature. He is inclined to look upon teratogenesis 
as being due in some way to a “disorganization” of the egg 
materials. Newman (1917) noticed the same range of ab¬ 
normalities among his heterogeneous Fundulus hybrids and 
applied Child’s axial gradient theory to the interpretation of 
these and other terata seen in teleosts produced by chemical 
and physical agents. 

Perhaps enough has been said by way of a preliminary state-* 
ment to indicate the essential similarity of experimentally pro¬ 
duced monsters regardless of the methods employed in obtaining 
them. Likewise a little reflection on the various theories ad¬ 
vanced to account for monstrous development makes apparent 
the lack, hitherto, of an adequate basis for a rational interpreta¬ 
tion of them. 

It is the purpose of this report to attempt an analysis of the 
problem of physiological axiation and teratogeny in the frog 
from a physiological point of view. It considers the general 
problem of physiological axiation, the origin of polarity, and 
presents data on the modification and control of early develop¬ 
ment in the frog on the basis of differential susceptibility. 

II. Material and Methods. 

1. The Susceptibility Method .—Observations on many species 
of animals and plants have shown that definite and characteristic 
differences in susceptibility to a wide variety of physical and 
chemical agents, within certain limits of concentrations or in- 


EARLY DEVELOPMENT IN THE FROG. 


315 


tensities of action, exist in relation to the physiological axes. 1 
These differences in susceptibility may be demonstrated in several 
ways: first, as differences in survival time of one region of the 
egg or embryo as compared to other regions, under conditions 
severe enough to kill without permitting acclimation to occur; 
second, as differences in the degree of inhibition of growth and 
development, or in certain cases as differences in the degree of 
acceleration of these processes; third, as differences in the rate 
or degree of acclimation to a certain range of less severe condi¬ 
tions; fourth, as differences in the rate or degree of recovery 
after temporary exposure to conditions that inhibit development. 

These differences in susceptibility determined in these dif¬ 
ferent ways are all expressions of the fact that a “differential 
susceptibility” to the action of external agents is a characteristic 
feature of physiological axes in both plants and animals so far 
as they have been examined with reference to this point. This 
“differential susceptibility” appears according to experimental 
conditions as differential disintegration associated with death, 
and as differential inhibition, acclimation or recovery in develop¬ 
ment. 

The high degree of uniformity in the susceptibility relations 
in different organisms, both animals and plants, to a wide variety 
of agents and conditions, viz., cyanides, anesthetics, acids, alka¬ 
lies, various salts, certain alkaloids, physical conditions such as 
extremes of temperature and certain conditions that may be 
termed negative, such as lack of oxygen, indicate that in their 
general features these susceptibility relations are independent of 
specific qualitative differences in the protoplasm of different 
forms. If this is the case they must depend upon quantitative 
differences of some sort which are common at least to all forms 
in which these differences in susceptibility have been shown to 
exist. 

So far as present knowledge goes, the facts indicate that 
susceptibility, in the sense in which the term is used here, is 

1 The extensive literature on this subject, previous to 1915, mostly the work 
of Child, is treated in two of his recent books (1915a, 19156) to which the reader is 
referred for specific references. Other references are: Behre (1918); Child (19160^ 
19166, 1916 d\ 1917a, 19176, 1917c, 1917^; 1919a, 19196); Child and Hyman 
(1919); Hyman (1916a, 19166; 1917a, 19176; 1919)* 
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associated in some way, directly or indirectly, with the rate 
of certain fundamental metabolic reactions, such, e.g ., as oxida¬ 
tion-reduction processes, and the protoplasmic conditions asso¬ 
ciated with them. Considerable evidence has been accumulated 
which indicates that in general the susceptibility to lethal or 
strongly toxic conditions and the capacity for acclimation to 
less severe conditions and for recovery after temporary exposure 
—all vary more or less directly with, though not necessarily 
proportionally to, the rate of fundamental metabolic reactions. 
This does not mean that all the agents employed act directly 
upon these reactions in every case or that all act in the same way 
upon protoplasm. It probably means merely that living proto¬ 
plasm is a system of more or less closely associated and inter¬ 
dependent reactions and conditions so that no essential factor 
in this system can be altered beyond a certain degree without 
involving the system as a whole. 

But, however the facts of differential susceptibility may finally 
be interpreted, concerning the facts themselves there can be no 
doubt. They have afforded a means not only of demonstrating 
characteristic differences in physiological conditions along the 
axes of organisms but also of modifying and controlling develop¬ 
ment in definite ways through these differences. This study of 
the development of the frog was undertaken in the attempt to 
determine whether, and to what extent, the susceptibility method 
could be used in modifying and controlling development in a 
vertebrate, as they have been used in investigations of the physi¬ 
ology of development in certain invertebrates. 

I am under obligation to Professor C. M. Child, in whose 
laboratory this work was done, for essential aid in the way of 
suggestion and criticism, and to Dr. L. H. Hyman for many 
thoughtful suggestions. Work on amphibia involving the sus¬ 
ceptibility method was begun by Dr. Child in 1913. In the 
spring of 1916, work was begun by him on the modification and 
control of development in the frog, on the basis of differential 
susceptibility; the data and preserved material of these experi¬ 
ments were turned over to me late in that year. My own work 
was done in the spring of 1917 and the spring of 1919 during 
which time approximately one hundred thousand eggs were 
handled, of which about forty thousand were preserved. 
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2. Routine and Methods of Handling Eggs .—Clasping frogs 
(.Rana pipiens) were obtained from ^ local dealer and placed in 
a large cement aquarium arranged to simulate natural conditions 
as nearly as possible. The temperature of the water was kept 
between 5 0 and 9 0 C. There was no difficulty in obtaining all 
the eggs that could be used; and with a little patience they could 
be had as soon after deposition as desired. As many as five 
females have been seen spawning at one time. Shortly after 
deposition each egg mass was given a number, the jelly cut into 
bits containing ten to twenty eggs each, and then placed in a 
gallon jar of the cold aquarium water. About an hour before 
being introduced into experimental conditions the jar of eggs was 
removed to the laboratory to warm slowly up to the room 
temperature (17 dr i° C.). 

For the modification of development the following chemicals 
were used: potassium cyanide, formaldehyde, potassium per¬ 
manganate, mercuric chloride, magnesium chloride, lithium 
chloride, hydrochloric acid, sodium hydrate, and ethyl alcohol. 
The method of handling the eggs varied somewhat with the 
chemical used. Eggs treated with KNC, CHoO, HC 1 , NaOH 
and C2H5OH, were placed in liter Erlenmeyer tlasks filled almost 
full and stoppered. For the other chemicals, glass finger bowls 
of 300-c.c. capacity, one- and two-liter candy jars were used and 
covered with glass plates to prevent evaporation. 

In a given experimental series similar glassware was used, 
each vessel containing approximately the same number of eggs 
from the same female. In every case one vessel of the series 
was used as a control and was treated in the same way as regards 
stoppering, changing of fluids, etc. Eggs from the same females 
developing in liter Erlenmeyer flasks filled nearly full and stop¬ 
pered, and in the same volume of water in open dishes did not 
differ in rate or manner of development up to some time after 
hatching, provided the water was changed once in twenty-four 
hours and when there were not more than 100 c.c. of egg mass 
in the stoppered flask. Especial care was taken to use no more 
than 15 to 20 c.c. of egg mass in stoppered vessels, and to change 
solutions in all experiments daily. 

As will be noted later, the frog egg undergoes a tremendous 
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increase in susceptibility during the early stages of development, 
and to provide for this and to carry the effects of differential 
inhibition somewhat farther than is possible where the eggs 
remain in the same concentration throughout the experiment, a 
number of experiments were done where the solution was gradu¬ 
ally diluted as development proceeded. 

In the experiments on recovery, the eggs were removed from 
the solutions and washed in several changes of water to remove 
any of the chemical remaining in the jelly. 

III. The Origin of Polarity. 

i. Polarity in Other Organisms .—There is abundant evidence 
to show that for many organisms and especially among the 
plants, polarity and symmetry arise in response to external con¬ 
ditions. Polarity in the egg of the alga Fucus , and in the spore 
of Equisetum is usually determined by the direction of incident 
light. In some algae, polarity and symmetry are directly under 
the influence of light, even in the vegetative thalli, and are 
reversible or modifiable by change in light relations. In various 
liverworts and free prothallia, and even in certain phanerogams, 
light is an important factor in determining dorso-ventrality in 
branches. 

The polarity of a number of plant and animal eggs bears a 
definite relation to their manner of attachment to the parent 
body during growth stages. In the phanerogams, for example, 
the free end of the egg becomes the apical, the attached end 
the basal end of the plant axis, and the same relation holds for 
a number of the lower animals. 

Likewise a polar axis of symmetry once established may be 
obliterated experimentally and a new one induced by conditions 
external to the organism. This has been done by H. V. Wilson 
(1907, 1911) in certain sponges and hydroids, work which was 
confirmed by Hargitt (1915). In experimentally produced bi¬ 
axial forms in planaria, hydroids and annelids, a new axis arises 
180 0 from the old one. In Corymorpha , e.g., Child showed that 
when pieces of the stem are placed in 2 per cent, to 2 1/2 per 
cent, alcohol in sea water, “in the course of a few days the pieces 
become shorter and more rounded, decrease in size, and lose the 
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characteristic structure of the Corymorpha stem.” On removal 
to water after several days in alcohol, a new individual arises 
from the old tissue with its axis at right angles to the old one. 

Various investigators have observed that under certain condi¬ 
tions, Hydra may lose its characteristic structure and “melt” 
down into a shapeless mass from which a new individual may 
arise. Dr. Hyman, in this laboratory, has recently observed 
that such masses often give rise to several hypostome regions each 
with tentacles. 

Physiological axiation begins, of course, with the origin of 
polarity in the egg. Polarity may, conceivably, arise in several 
ways. First, axiation and polarity may, as has been commonly 
supposed, exist in protoplasm in relation to some intrinsic 
molecular or other structure which is a fundamental property of 
living matter; second, the primordial cell, from which the ovum 
arises, may inherit its polarity, which, if true, merely pushes 
the problem farther back; third, the appearance and position 
of local differences in structural and functional order in the egg 
protoplasm, that constitutes polarity, may arise during the 
growth and development of the egg in response to conditions 
external to it. The first alternative has been shown to be 
untenable, and the second offers so little satisfaction, that, in the 
light of the accumulated evidence, it seems necessary to consider 
the last alternative as the more probable one, at least until it 
has been shown that polarity arises in some other way. 

2. Origin of Polarity in the Frog's Egg .—The mature egg of the 
frog is described as possessing a radial symmetry about an 
imaginary axis, the polar axis, passing approximately through 
the centers of the pigmented (animal, apical) hemisphere and 
of the unpigmented (vegetative, basal) hemisphere. This polar¬ 
ity is marked by the localization of most of the protoplasm in the 
pigmented hemisphere, by the eccentricity of the nucleus, and 
by the distribution of pigment. In order to determine, if pos¬ 
sible, whether, in the frog egg, a relation exists between its 
polarity and conditions external to it, a study was made of the 
ovarian relations of the egg, especially of the relation of the polar 
axis to the region of attachment to the ovarian membrane and to 
the blood supply of the egg. 
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Some days or weeks before extrusion, the egg is suspended 
from the ovarian membrane in an epithelial sack (Fig. i). This 
sack, the theca, forms at one region on the egg a narrow stalk, 
the pedicle, which becomes continuous with the ovarian mem¬ 
brane.,, Beneath the theca is a layer of follicular cells and beneath 
this, the vitelline membrane. In the theca are found the blood 
vessels that supply the egg. 

Table I. gives the location of the pedicle with reference to 

Table I. 

Number of Eggs 

Location of Pedicle. Observed. Per Cent. 

Position A (see Fig. 2). 75 r2.2 


Position B . 217 35.3 

Position C . 259 42.2 

Position D . 63 10.3 


These results were obtained by taking a number of eggs at random from vari¬ 
ous parts of the ovary and determining the location of the pedicie for every egg 
in each sample. 

the distribution of the pigment on the egg. It will be noted 
that in approximately eighty per cent, of the cases, the region 
of attachment (the pedicle) is near or on the boundary between 
the pigmented and unpigmented regions of the egg (Fig. 2). 

A number of specimens were injected through the conus 
arteriosus with a lead chromate-starch-gelatin mass 1 and in the 
great majority of cases only those vessels lying over the un¬ 
pigmented hemisphere remained uninjected and could often be 
traced by the color of the blood remaining in them. In several 
cases injected vessels were seen to pass a little distance over the 
unpigmented hemisphere, but in no case was an egg observed 
where more than a small per cent, of the vessels overlying the 
yolk were injected (Fig. 3). Several unsuccessful attempts were 
made to inject the venous system. 

In order to eliminate any error due to the injection mass 
passing through the capillaries into the veins, several frogs were 
opened under normal salt solution and the circulation of the 
blood over the egg determined with the aid of the binocular 
microscope. In every case where the movement of corpuscles 
over the pigmented hemisphere could be seen, the circulation 

1 Guyer (2d edition, page 84). The mass was made up in a 1 per cent, uncooked 
starch suspension, warmed and well stirred immediately before the injection was 
made. 
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was away from the heart and therefore arterial. The movement 
of blood over the unpigmented hemisphere, where the movement 
of corpuscles could be seen more clearly than over the pigmeAted 
hemisphere, was always toward the heart and therefore venous. 
As was noted for the injected specimens, a small per cent, of the 
eggs showed arteries passing a little distance over the yolk. 
But it is especially to be noted that in every case observed, the 
greater part of the arterial blood supply was restricted to the 
pigmented hemisphere. 

In the ovary of the frog, the polar axes of the eggs lie in every 
possible direction with respect to gravity, so that the possibility 
of polarity being determined in the ovary with respect to gravity 
is at once eliminated. 

The data indicate that polarity in the frog egg arises at some 
time during the growth stages, in response to external conditions, 
viz., to the blood supply of the egg: that region of the oogonium 
chancing to be most richly supplied with arterial blood being 
destined to become, by virtue of this respiratory and nutritive 
relation, the animal pole of the egg. Naturally, the region on 
the surface of the egg where the capillary net work is most 
extensive would be effective in determining polarity rather than 
the point where the blood vessels enter the theca. 

A region of higher oxidation rate in the egg, or at any rate the 
proximity of this region to a greater oxygen supply (arterial 
blood) is further evidenced by the appearance of pigment — a 
melanin (Ivellicott) — over a limited surface of the egg, for it is 
well known that oxygen is necessary for the formation of these 
pigments. It is probable that the origin of polarity and the 
appearance of pigment in a symmetrical relation to that polarity 
are both expressions of the localized oxygen supply (or nutritive 
supply, or both) of the egg. 

It may be noted here also that pigment appears most densely 
in the most active regions of the egg where other evidence 
indicates that oxidations are proceeding more rapidly than else- \ 
where. In other words, the density of pigmentation seems to be 
an expression of the rate of at least certain oxidations occurring 
in that region. Local increase in activity results in the formation 
or increase of the pigment and local decrease in activity results 
in diminution of pigment. Those unpigmented cells lining the 
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archenteron in the early gastrula stages, e.g., become pigmented 
and most densely where cell division is most rapid. 1 And to 
anticipate somewhat, the subjection of early gastrula stages to 
strongly inhibiting conditions, results in a marked diminution of 
pigment in the dorsal lip regions. 

The data further indicate that the polar axis as well as other 
axes that arise later in development are primarily gradients in 
fundamental physiological conditions or processes, which are 

b.v. 


p 

Fig. i. Semi-diagrammatic view of a section through the germinal vesicle 
and pedicle of a full grown ovarian egg. b.v., blood vessel in the theca; /, follicle 
cells; g.v., germinal vesicle; p, pedicle; lh., theca. 

made evident in several ways, such as, the differential cleavage 
rate which results in a gradient in cell size, by gradients in 
susceptibility, etc. (see pp. 322-328). 

Discussion of the question of whether the location of the 
pedicle and the localized blood supply is related in any way to 
the definitive bilaterality remains for future consideration. 

The fact that the pedicle is equatorial in position is of course, 
merely a necessary consequence of the way polarity and the 
accompanying distribution of pigment is determined by the 
blood supply. 

IV. Experimental Data. 

1. Susceptibility to Lethal Concentrations of External Agents. 

The early stages of the frog egg are extremely resistant to 
toxic agents. Eggs just beginning to segment, when placed 

1 King (1902). 
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e.g ., in m) 10,000 HgCI 2 , are accelerated in development for a 
short time, while gastrulating eggs die within a few hours (four 
to six) in 771/2,000,000 HgCl 2 , without having developed farther 
after being placed in the solution. The same relation holds for 
other agents. Eggs from different females may differ consider- 



Fig. 2. Diagrams of full grown ovarian eggs to show the position of the pedicle 
in relation to the distribution of pigment. (See also Table I.) 


ably in their behavior when exposed to toxic agents; also eggs 
from the same female may differ somewhat in susceptibility to 
toxic agents but to a much less extent than in the former case. 
Some difficulty is experienced in watching the progress of dis¬ 
integration in early stages, especially in concentrations that kill 
rapidly, on account of the spreading of the disintegrated proto¬ 
plasm underneath the inner membrane, and thus obscuring the 
rest of the process. However, the progress of disintegration, 
wherever observed, is an orderly process and bears a definite 
relation to the polar axis of the egg and to the axes of symmetry 
of the embryo. 

(a) Uiiseg 77 iented Eggs .—The most satisfactory method found 
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for observing disintegration in the unsegmented egg, was to 
expose the egg soon after deposition, to a temperature of o° C. 
for ten days or two weeks. Fig. 4 illustrates several different 
stages in the process of disintegration under such conditions. 
The eggs were deposited in the aquarium (temperature, 6.5° C.) 
March 26, 9:00-9:15 A.M., and were placed in the refrigerator 
at 10:00 A.M. On April 7, the eggs were in the condition shown 
in the figures. The relation of the disintegrated areas to the 
grey crescent and to the polar axis is obvious. 

( b ) Cleavage Stages .—The process of disintegration during early 
cleavage has been studied at low temperature, in KNC, m 1,000; 
w/100; HgCb, m 10,000; in alcohol, 5 per cent., 8 per cent.; 



Fig. 3. Semi-diagrammatic view of ovarian egg showing the distribution of 
arteries and veins. The blood vessels were outlined under the camera lucida. 


and incidentally in all of the other agents used to modify de¬ 
velopment. The process of disintegration in all of these cases is 
essentially similar, except in the case of alcohol, which has a 
marked solvent action on the yolk. In any concentration of 
alcohol above I per cent., the yolk becomes rough and pitted, 
an appearance that is much accentuated in the higher concentra¬ 
tions (5 per cent, to 8 per cent.). Disintegration usually begins 
in a meridian that bisects the grey crescent and near the center 
of the pigmented hemisphere. The surface membranes of indi¬ 
vidual cells in this region break down and turn white. Shortly 
afterward, disintegration begins in the equatorial region just 
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above the middle of the grey crescent and spreads equatoriallv 
and apically to join the area where dissolution first began. At 
this time the disintegrated area forms, roughly, a triangular 
figure whose apex is the point where disintegration first began, 
and whose base is the equatorial region immediately above the 
gray crescent. Disintegration then spreads more or less sym¬ 
metrically from the apex and sides of the triangle over the rest 
of the animal pole, and from the base to involve the grey crescent 



Fig. 4. Unsegmented egg seen from above (apical pole) showing different stages 
in disintegration after twelve days’ exposure to a temperature of o° C. Dis¬ 
integrated areas are represented by stippling. The dotted circle represents the 
boundary between pigmented and unpigmented hemispheres. The dotted crescent 
outlines the gray crescent. The cross marks the animal pole. 

region. Fig. 6 illustrates the process just described. The history 
and treatment of the eggs is given in the legends to the figures. 

(c) Gastrula Stages .—Eggs in an early gastrula stage, when 
placed in lethal concentrations of a toxic agent, always begin 
to disintegrate first in the dorsal lip region, and shortly afterward 
in the same meridian about 120° to 130° above the blastophore. 
From this upper point dissolution of the surface cells proceeds 
down the meridian and meets the disintegrated area of the dorsal 
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lip region, which has spread apically and now includes the lateral 
lips. The area then spreads more or less symmetrically from 
the apical and lateral borders of the disintegrated area until all 
of the pigmented cells are involved. The yolk cells retain their 
structure long after the pigmented cells have completely dis- 



Fig. 5. View from animal pole showing stages in the disintegration of eggs in 
a four-cell stage after ten days’ exposure to a temperature of o° C. The eggs were 
in a two-cell stage when placed in the cold chamber. 


integrated, except in the case of alcohol, which attacks the yolk 
rapidly from the start. Fig. 8 illustrates the general process. 

(d) Later Embryonic Stages .—With the beginning of elonga¬ 
tion, while two regions of high susceptibility are still present, 
viz., the apical and the dorsal lip region (now posterior), the 
posterior growing region, especially during the formation of 
the neural folds, appears relatively less susceptible than it did 
earlier. This apparent greater difference is probably due to 
local differences associated with the formation of the neural plate. 
In embryos beginning to elongate, disintegration begins first 
at the apical end in the medial dorsal region and spreads laterally 
and posteriorly, more rapidly in the posterior direction, to meet 
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an area of disintegration that has just begun in the region where 
the tail bud appears later. In neural fold stages disintegration 
begins at the anterior end of the floor of the neural groove usually 
at two points on either side of the median line, where the primor- 
dia of the optic vesicles have appeared. Often, and especially 
in earlier neural fold stages, the disintegration begins in the 
median line at the anterior end of the neural groove. From this 



Fig. 6 . Disintegration stages during late cleavage. The eggs are shown in 
side view with the animal pole uppermost and the gray crescent to the right. 

point or points as the case may be, disintegration spreads back 
along the neural groove nearly to the posterior end, where it 
joins an area that has just begun to undergo dissolution. In 
the meantime, the medullary folds, ventral suckers, and anterior 
part of the head region have begun to disintegrate. 

With the closure of the neural folds and the further elongation 
of the embryo, local differences in susceptibility begin to appear 
with the differentiation of certain organs. While in general, 
the apical-medial-dorsal region begins to disintegrate first, the 
dissolution of cells in this region may be followed shortly, or 
even preceeded by, the disintegration of rapidly proliferating 
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cells in certain regions of the embryo, such, e.g., as the tail bud, 
optic vesicles, nasal pits, ventral suckers, and other rapidly 
growing regions. 

These data on disintegration are in agreement with the data on 
differential inhibition, acclimation, and recovery,[in showing that 
certain parts of the egg and embryo are more susceptible than 
other parts, and that these differences in susceptibility have a 



Fig. 7 . Camera lucida drawing of an egg showing disintegrated cells (white) 
following 24 hrs. exposure to m/1,000 KNC and 24 hrs. to m/5,000 KNC, from a 
two-cell stage. The animal pole is in the center of the figure. (Experiment 
KNC B 3 .) 

definite relation to the polar axis and to the plane of bilaterality 
in the early cleavage stages and to other physiological axes 
arising later in development. The significance of differential 
susceptibility is discussed later, (pp. 346-349). 

2. Experimental Modification of Development . 

For the sake of convenience in description, certain arbitrary 
terms have been used to designate different “types” of abnor¬ 
malities. The differential inhibition of the cleavage ratio in 

, / size of animal pole cells \ . 

earlv development! . r . , ,, ) is expressed as 

\size of vegetative pole cells / 

a fraction whose denominator is ten. For example, the expres¬ 
sion “cleavage = 7/10” means that the size of the animal pole 
cells is to the size of the vegetative pole cells, as 7 is to 10. The 
expression “V-shaped blastopore” refers to a condition where 
the blastopore takes the shape of an inverted “V” or “U,” 
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and is intended to describe conditions where the dorsal lip is 
retarded to a relatively greater extent than the lateral lips (Fig 
14, A). The term “wide-crescent blastopore” refers to a condi¬ 
tion where the blastopore is in the form of a broad crescent 
(Fig. 17), and is intended to describe a condition where both 
dorsal and lateral lips are inhibited. The term “secondary 
invagination” describes a situation where a second infolding 




F ig. 8 . Stages in the disintegration < 
several hours exposure to mf 1,000 KNC, 
disintegration follows this general idan 
the egg within several hours. 




eggs in an early gastrula stage following 
• in ?w/i,000,000 HgCb. The progress of 
1 all agents in concentrations that kill 


takes place apical to an original equatorial blastopore (Fig. 18). 
The “gastrular angle” is the angle between a plane through the 
center of the egg parallel to the floor of the segmentation cavity, 
and a line through the center of the egg and the blastopore (Fig. 
9). Obviously, comparison of the gastrular angle of normal eggs 
with this angle in inhibited eggs is possible only at the beginning 
of gastrulation. 

The development of the frog is so well known that a detailed 
description of the process is unnecessary. However, mention 
of several features of normal development will be of use for 
comparison with abnormal types. 
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Cleavage begins first and proceeds more rapidly in the pig¬ 
mented hemisphere than in the vegetative hemisphere, establish¬ 
ing early in development an inequality in the size of the cells in 
the two hemispheres. In an early cleavage stage, the size rela- 



Fig. 9. Diagram to illustrate the gastrular angle, g.a 


tion of the cells in the two regions is in the proportion of 4/10 
to 5/10, a ratio that decreases in value up to about the time of 
gastrulation, when the ratio may be represented by 2.5/10 to 
3.5/10. During mid-cleavage stages the cell size ratio is approxi¬ 
mately 3.5/10 to 4/10. This does not take into account those 



Fig. 10. A, control egg with a cleavage ratio of approximately 3.5/10-4/10. 
By egg from the same batch as the one in Fig. 10, A, in which the cleavage ratio 
approximates 10/10. Same treatment as egg illustrated in Fig. 7. (Experiment 
KNC B 3.) 


pigmented cells on the grey crescent side of the egg, which are 
slightly smaller from the beginning of cleavage than the other 
pigmented cells (Morgan and Boring, 1903). Immediately pre¬ 
ceding the appearance of the blastopore, those cells in the dorsal 
lip region are smaller than any of the other surface cells. 
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The gastrular angle at the time of the appearance of the 
blastopore approximates 40°. 

In addition to the indications of bilaterality by the appearance 
of the grey crescent, bilaterality is made more apparent during 
the blastula stages by the movement of material from the pig¬ 
mented region toward the equator—a process that takes place 
more rapidly in the sagittal plane than elsewhere, and results 



Fig. 11. Enlarged segmentation cavity. Eggs in beginning two-cell stages 
treated as follows with KNC: m 1,000 24 hrs., mj 5,000 24 hrs., /wio.ooo 12 hrs., 
in 1 20,000 12 hrs. (Experiment KNC H 5.) 

Fig. 12. Small segmentation cavity as seen under conditions of severe inhibi¬ 
tion. In this case eggs were exposed 48 hrs. from a two-cell stage to m 10,000 
HgCls. (Experiment IV 40.) 


in the thinning out of the walls and roof of the segmentation 
cavity, which now comes to lie nearer that side of the egg where 
the dorsal lip appears. The so-called germ ring, formed by the 
downward movement of animal pole material, and which lies 



Fig. 13. Obliterated segmentation cavity. (Experiment IV 56.) 

r 

at first on the equator and later below it, extends somewhat 
farther down on the egg in the dorsal lip region. To express the 
situation in other words: growth in length (between the apical 
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pole and the germ ring) is greater and proceeds most rapidly in 
the sagittal plane. The significance of this process is discussed 
elsewhere (p. 349). 

A. Disturbances in Cleavage such that the Egg Never Gastrulates. 
(a) Cell Size Rati os— In frog eggs so strongly inhibited that 
they do not gastrulate, cleavage usually begins and proceeds 
more or less normally for several hours. The rate of cleavage 
in the animal hemisphere then becomes less and less rapid, 



Fig. 14. V-shaped blastophore, A; Equatorial gastrulation, B\ Secondary 
invagination, C. Produced in mis oo.ooo IlgCL. About 40 per cent, of the eggs 
showed the V-shaped blastophore. (Experiment IV 70.) 

relatively, until the cell size ratio approaches and may become 
equal to one (10 10, Fig. ro, B)> whereas this ratio in a normal 
egg of a comparable stage of development is about 3.5 10 to 
4 10 (Fig. 10, A). 

The cleavage ratio was found to increase in value consistently 
in all cases 1 where inhibition was sufficient to prevent the com- 

1 This distortion of the cleavage ratio was obtained in: Experiments KNC A 1; 
H 1; exposure 12 hours in w/1,000 from 2-cell stage; cl. = 5/10 to 7/1.0. Experi¬ 
ment KNC — C.7; exposure 24 hours in m 2,000 from 2-4-cell stage; cl. = 7/10. 
Experiment KNC — C.8; 48 hours exposure to 2,000 from 2-cell stage; cl. =8/10. 
Experiment KNC — C.12; 48 hours exposure to w/2,000 from 2-cell stage; cl. 
= 7/10 to 10/10. Experiment KNC—C 1; 12 hours exposure to m, 5,000 from 
2-cell stage; cl. = 5/10 to 6/10. Experiment KNC — C.6; 24 hours exposure from 
2-4-cell stage; cl. = 5/10 to 7/10. Experiment KNC — C.g; 5 days exposure to 
m 10,000 from 2 cell-stage; eggs beginning gastrulation (equatorial) with 6/10 to 
8/10 cl. Experiment IV 7 21; 21 1/2 hours exposure to m,'S. 5 LiCl from an unseg¬ 
mented stage; in about 15 per cent, to 20 per cent. cl. = 4/10-7/10. Experiment 
IV 31; unsegmented eggs exposed 4'hours in mf 4 LiCl, then 71/2 hours in water 
showed an 8/10 to 10/10 cleavage ratio. Experiment IV 54; eggs in late cleavage 
exposed 40 hours to w/100,000 NgCh; cl. = 6/10 to 10/10. Experiment IV 62; 
eggs in 4-8-cell stage exposed 12 hours in 0.0075 per cent, formaldehyde; cl. =6/10 
to 10/10. Citations of experiments in italics are from Dr. Child's preserved 
material, “cl.” = cleavage ratio. . 
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pletion of gastrulation, although the proportion of eggs showing 
this type of differential inhibition varied somewhat in experi¬ 
ments involving different chemicals. This increase in value of 
the cleavage ratio appears less frequently in LiCl, MgCl 2 , and 
in alcohol, and most frequently in KXC and formaldehyde. 
In ml 1,000, w/2,000 KNC, fully 90 per cent, of the eggs are of 
this type after 24 to 36 hours’ exposure from the beginning of 
segmentation. Differential inhibition under ‘the conditions 
stated, is diagrammatic, especially in KNC, and represents 
simply a greater susceptibility to the toxic agent, of the cells 
most affected, viz., the animal pole cells. The significance of 
this differential susceptibility is a matter of discussion elsewhere 
( pp . 346-349). 

( b ) Bilaterality . — Under the conditions of these experiments, 
bilaterality is much obscured and may not become evident at all 
(Fig. 20). But, that bilaterality is at least potentially present 
is indicated in those cases where gastrulation does begin (always 
equatorially) the wrinkling and folding, indicating the initiation 
of gastrulation usually begins at a definite point on the equatorial 
region and spreads equatorially around the egg. A few cases 
have been observed in m ,(5,000 KNC where the equatorial 
folding occurred almost simultaneously around the entire equator 
of the egg. 

(c) The Segmentation Cavity . — Under severe inhibiting condi¬ 
tions, the segmentation cavity shows several characteristic con¬ 
sequences of differential inhibition, depending chiefly upon the 
severity of the conditions and the stage at which the eggs are 
exposed to them and upon the length of the exposure. 

Some of the data are these: In eggs exposed to m, 1,000 or 
mj 5,000 KNC (Experiments KNC A-H) from the beginning of 
the first segmentation, development usually ceases in late-cleav¬ 
age stages with occasional abortive attempts at equatorial gastru¬ 
lation. The yolk cells, which are relatively less inhibited, may 
continue division for a time after it has nearly or quite stopped 
in the animal hemisphere. In such cases, one finds that the more 
peripheral yolk cells, forming the floor of the segmentation 
cavity, proliferate apicahvard, forming a thin layer of yolk cells 
that may partly or completely line the walls of the segmentation 
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cavity—which becomes very large. At the time of death, the 
egg resembles in some respects an amphioxus blastula (Fig. 11). 
Superficial indications of bilaterality are obscure. 

Where inhibition is more severe, e.g., in w/10,000 HgClo 
(Experiment IV 40), eggs exposed to the solution for 48 hours 
from a two-cell stage, stop development in late cleavage stages. 
Gastrulation never occurs. In all of the eggs, the downward 
migration of materials from the apical pole is completely in¬ 
hibited and the walls of the very small segmentation cavity 
lying near the center of the egg, are 2/5 to 4 9 the diameter of 
the egg in thickness (Fig. 12). 

The partial or complete obliteration of the segmentation cavity 
may occur in an entirely different wav under less severe inhibiting 
conditions. Eggs in late segmentation stages, exposed 15 min¬ 
utes to mj 10,000 HgClo (Experiment IV 56) then returned to 
water, show after three days, the segmentation cavity completely 
filled with small yolk cells that have proliferated from the floor 
of the cavity. A faint line indicates the walls of the now ob¬ 
literated cavity. The walls of what was the segmentation cavity 
are much thinner than when the eggs had been exposed 48 hours 
to mj 10,000 HgClo from the beginning of cleavage. 

Likewise in mj 10 LiCl, where development proceeds abnormally 
to the time of hatching, the proliferation of yolk cells from the 
margin of the floor of the segmentation cavity may be so extensive 
as to fill it completely. 

All of these different modifications appear to be simply dif¬ 
ferent expressions of the differential inhibition which the eggs 
have suffered. The animal pole cells being most susceptible, are 
most affected by the adverse conditions, the yolk cells least. 

Those small cells around the margins of the floor of the seg¬ 
mentation cavity, which under certain conditions of inhibition, 
continue division and finally fill the blastocoele completely, 
appear to be the ones destined to give rise to mesoderm (Morgan, 
1906, p. 129; Kellicott, 1913, p. 107; King, 1902, Fig. 4). It 
is significant here that in the sea urchin Child (1916, p. 91) 
found the mesenchyme cells which arise from the basal pole of 
the egg, to be less susceptible than other parts of the egg, and 
that under conditions of differential inhibition, these cells tended 
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to “run wild’' and result in an excessive over-development of 
skeletal structures. 

(d) Meroblastic Cleavage .—In exceptional cases, and under 
the influence of conditions so severe that development stops 
completely in early cleavage, cell division may be partly or 
completely restricted to the animal pole. This type of cleavage 
has been observed following exposure: to urea, 2.34 per cent. 
(Jenkinson, 1906, Figs. 38, 41); to NHJ (Jenkinson, 1906, Fig. 
32); to Na 2 S 0 4 (Jenkinson, 1906, Fig. 40); to temperatures 
above 26° C. (Hertwig, 1895), et al. In my own experiments it 
has been observed among eggs exposed six to ten hours to 2 
per cent., 3 per cent, alcohol, a result that is not surprising when 
one considers the solvent action of alcohol upon lipoid substances 
generally. Four factors seem primarily concerned in the pro¬ 
duction of these restricted cleavages, viz., time, concentration 
or intensity of action of the agent used, physical effect of the 
particular agent to which the eggs are exposed, and the stage 
at which the eggs are exposed to the agent. So far as my 
observations go, this type of cleavage, rare at best, is realized 
only when the eggs are exposed to the inhibiting conditions at 
the time of, or immediately preceding the appearance of the 
first cleavage plane. If the eggs are exposed to concentrations 
necessary to the production of this type of cleavage, several hours 
before cleavage would normally begin, they never segment. The 
physical effect of alcohol has been mentioned. The time element 
is more or less obvious. Cleavage begins first, normally , in the 
pigmented hemisphere, and under the conditions necessary for 
the production of meroblastic cleavage the first cleavage plane 
makes its appearance, in all probability, before the effect of the 
inhibiting conditions (in the case of chemical substances par¬ 
ticularly) penetrate the gelatinous membranes of the egg. 

B. Disturbances in Gastrillation .—The various modifications 
of the process of gastrulation, following inhibition, fall into several 
more or less distinct groups, the particular types obtained de¬ 
pending largely upon the severity of the inhibiting conditions 
and upon the stage at which the eggs are introduced into the 
experiment; ix ., depending upon the treatment and the physio¬ 
logical condition of the eggs. Individual variation is an impor- 
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tant limiting factor in the experimental control of modifications. 
The range of variation in this respect seems to be widest during 
the early cleavage stages. In the great majority of experiments, 
while one usually finds a complete series of stages from nearly 
normal to the most extreme deviations from the normal, the 
modifications produced tend to conform to certain types, varying 
with the physiological condition of the eggs and the treatment 
they receive. It is therefore necessary to speak in terms of 
averages in discussing a given type of abnormality. 

In general, as the concentration of a given chemical to which 
the eggs are exposed, is increased, or with longer exposure to the 
same concentrations, the modifications produced become more 
extreme. They are discussed in the order in which they appear. 

(<7) Retardation of the Dorsal Lip Region . — These are stages 


dJ. 

/ 
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Fig. 15. Inhibition of the dorsal lip region after 38 hours exposure to mf 10.62 
LiCl. Eggs placed in the solution were in 16-32-cell stages—24 hours after deposi¬ 
tion. (Experiment IV 76.) d.L, dorsal lip region; y.p., yolk plug. 

in which only the dorsal lip region seems much inhibited, al¬ 
though occasionally the cleavage ratio may increase in value 
somewhat, and the gastrular angle (see p. 329) in a small per 
cent, of the cases may be slightly more acute than in the control 
eggs. Where only the dorsal lip region is inhibited, the blasto¬ 
pore takes the form of an inverted V or U and when complete 
the yolk plug is oval, and may be several times longer than broad 
in the sagittal plane. 
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Experiments IV 70; G, H, I. Eggs deposited March 28, 
3:00 P.M. Removed to the laboratory 4:00 P.M. Introduced 
into m/500,000 HgCl 2 , 5:00 P.M.—unsegmented at this time. 
After 24 hours the eggs were washed and returned to water. 
Twenty-four hours later (March 29, 5:00 P.M.) the stages 
shown in Eig. 14 were recorded. About 40 per cent, of the eggs 
showed the V-shaped blastopore (Fig. 14, A). Eggs in the three 
experiments were alike and among them everything was present 
from a few with closed blastopores to several forms showing a 
secondary invagination midway between the original (equatorial) 
blastopore and the apical pole. The equatorial gastrula? resemble 
those produced in m To LiCl. 

Experiment IV 91. Unsegmented eggs, placed in mj 2,000,000 
HgCb. Forty hours later, the eggs were mostly in inhibited gas- 
trula stages (V-shaped blastopores). 

Eggs introduced into mj 10.62 LiCl during 16-32 cell stage, 
exhibit the inverted V- or U-shaped blastopore after 24 hours’ 
exposure (Experiment IV 76). Eggs introduced into mj 10 LiCl 
immediately before gastrulation (Experiment IV 59) are in 
gastrula and large yolk plug stages after eighteen hours in the 
solution. The majority of gastrula stages show the long in¬ 
verted V-shaped blastopore and in those eggs showing yolk plugs, 
there is a tendency for the yolk plugs to be much larger than 
normal and somewhat oval in shape (Fig. 16). 

After 48 hours in the solution, ninety per cent, of the eggs 
were in early neural fold stages, with much elongated yolk plugs. 

In experiment IV 62 unsegmented eggs, five hours after deposi¬ 
tion, were introduced into 0.0075 per cent, formaldehyde, and 
varied from equatorial gastrula? to early neural fold stages after 
sixty hours’ exposure. A few showed secondary invaginations. 

In experiment R 138 a, eggs in early gastrula stages were 
placed in mj 1,000 KNC. After a 12-hour exposure, 90 per cent, 
of the eggs showed a long inverted V-shaped blastopore or much 
elongated yolk plug. The eggs did not develop farther in this 
solution. 

(b) and (c) Retardation of Both Dorsal and Lateral Lips of the 
Blastopore , and Equatorial Gastrulation . Eggs showing retarda¬ 
tion of both dorsal and lateral lips are described as ‘ 4 flat-crescent” 
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gastrulae, for the reason that under the slightly more severe 
inhibiting conditions where both dorsal and lateral lips are 
inhibited, the blastopore forms, when about half completed, a 
figure like a much flattened crescent. When such a blastopore 




Fig. 16. Inhibition of dorsal lip region. Eggs placed in m[io LiCl in late cleav¬ 
age stages immediately before gastrulation. A and B after 18 lirs. in the solution; 
C, D and E after 54 hrs. in the solution, d.l., dorsal lip region; y.p., yolk plug. 
(Experiment IV 76.) 

is complete the yolk plug is always much larger than in the con¬ 
trol. All stages exist between this flat crescent type and those 
cases where the blastopore extends around the equator of the 
egg (equatorial gastrulation). In these forms the cleavage ratio 
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varies from nearly normal (in the less inhibited ones) to 10/10 
(more inhibited ones). In the more extreme inhibitions some 
cases of secondary invaginations are seen and a decrease in the 
gastrular angle is characteristic. Almost any type may be pro¬ 
duced at will simply by varying the concentration of the in¬ 
hibiting agent, or the length of the exposure, or the stage at which 
the egg is introduced into the experiment, or by varying several 
of the factors at once. The chief limiting factor in the control 
of these and other modifications is the variation in susceptibility 
exhibited by the eggs of different females. Several preliminary 
attempts may be necessary before the desired result is obtained. 
Some of the experiment^ are cited below, in which these modifica¬ 
tions were prominent, and*which serve to illustrate a few of the 
many different ways in which these abnormalities may be pro¬ 
duced. 

Experiment IV 21 . 1 Unsegmented eggs, introduced into 



Fig. 17. Inhibition of both dorsal and lateral lip regions of the blastophore, . 
resulting in a “flat-crescent” blastopore. 28 1/2 hours’ exposure to mf 10.62 LiCl 
from unsegmented stage. (Exp. IV 22.) 

m/y LiCl I 1/2 hours after fertilization. After 21 hours in LiCl 
and 7 hours in water a few of the eggs showed a slight equatorial 
wrinkling but no distinct blastopore was present. After 24 hours 
in LiCl, and 24 hours in water most of the eggs were in late 
blastula stages in which the segmentation cavity was completely 
lined with one or more layers of small round slightly pigmented 
cells. 

Experiment IV 21. After 20 hours in m/ 8 .5 LiCl and 8 hours 

1 Eggs used in experiments IV 21, 22, 26, 27, 29, 31, 33, 34, all came from the 
same female, and were introduced into the different experiments 1 1/2 hours after 
deposition. 
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in water, about 80 per cent, of the eggs were beginning equatorial 
gastrulation. After 20 hours in this solution and 22 hours in 
water, about 70 per cent, of the eggs showed various stages of 
equatorial gastrulation; the rest of the eggs varied from nearly 
normal yolk plug stages to those showing flat-crescent blastopores 
(Fig. 17). After 76 hours in water following 20 hours’ exposure 



Fig. 18. Secondary invagination following 48 hours’ exposure to mj 10 LiCl, 
from an unsegmented stage. A, surface view; B , sagittal section of same egg. 
inv. 2, secondary invagination; d.L, dorsal lip; bp. blastopore; s.c., segmentation 
cavity. (Exp. LiCl 1 d.) 


to the solution about 5 per cent, of the eggs showed a secondary 
invagination apical to the equatorial blastopore. This secondary 
invagination appeared more prominently (in about 40 per cent, 
to 50 per cent.) after 28 hours in w/8.5 LiCl and 48 hours in 
water (Fig. 18). 

Experiment IV 22. 48 hours’ exposure to mj 10.62 LiCl gave 

90 percent, equatorial gastrulae (Fig. 19), which when returned to 
water proceeded to develop farther and after 28 hours were in 
elongated neural fold stages with large protruding yolk plugs. 
After 72 hours in water following 48 hours’ exposure to the solu¬ 
tion one finds all stages from a few equatorial gastrula? to micro- 
cephalic and anencephalic forms with partially or completely 
“fused” suckers, nasal pits, and optic vesicles. After 76 hours’ 
exposure to the solution and 20 hours in water the abnormalities 
were more extreme. In about 5 per cent, of these the pigmented 
cells grew out from one to ten mm. to form a cone of cells radially 
symmetrical about the original polar axis of the egg, there being 
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not the slightest external evidence of bilateriality or dorso- 
ventrality (Fig. 20). 

Unsegmented eggs exposed 48 hours to 777/1,000,000 HgCb 
exhibited all stages between equatorial gastrulation and fairly 



Fig. 19. Fig. 20. 

Fig. 19. Equatorial gastrulation following 76 hours’ exposure to mj 10.62 LiCl 
from an unsegmented stage. (Experiment IV 22.3.) 

Fig. 20. Embryo radially symmetrical about the polar axis. Produced by 
exposing unsegmented eggs 76 hrs. to m{ 10.62 LiCl; 20 hrs. in water. (Experiment 
IV 22 b.) 

normal yolk plug stages. Eggs with a broad crescentic blasto¬ 
pore were most prominent. The eggs died without developing 
farther. 

Experiment IV 34. Eggs in 8-cell stage (10 hours and 20 
minutes after deposition) were placed in 777/ 5,000 KMnCV After 
48 hours' exposure—solution not changed—the eggs showed a 
complete series of stages from perfect equatorial gastrulae to 
normal yolk plug stages. At this time all of the permanganate 
had been reduced to the brown form and the solution had evi¬ 
dently lost much of its toxicity. Sixty hours after being placed 
in the solution about 50 per cent, of the embryos were elongating 
but were markedly macrocephalic, showing differential recovery. 

(d) Secondary Invaginations .—The eggs described by this term 
show a secondary invagination appearing in a meridian bisecting 
the original blastopore which is usually equatorial. The in¬ 
vagination may extend partly or completely around the egg and 
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appears only under conditions of severe inhibition. In addition 
to this secondary inturning, some overgrowth may take place; 
in some cases the over growth is in the direction of the vegetal 
pole as in normal gastrulation, while in other cases the over¬ 
growth is toward the apical pole. In eggs where this upward 





Fig. 21. Some types of modification seen after the following treatment in 
KNC: A , B (same egg). Eggs beginning two-cell at start of experiment; 24 hrs. 
in m/1,000, 24 hrs. in mj 20,000, ,12 hrs. in m/50,000, 12 hrs. in ?»/ioo,ooo. C, 12 
hrs. mj 1,000, 12 hrs. m/5,000, 24 hrs. m/10,000. (Experiment KNC A 3.) Note 
the position of the blastopore which is nearer the equator than in control eggs. 

overgrowth is taking place over the secondary invagination, the 
yolk cells below the original blastopore are usually overgrowing 
the pigmented cells of the animal hemisphere, thus reversing the 
usual process. 

This modification is similar to that described by Morgan 
(1903), which he says is produced by a process in which “the 
cells of the upper hemisphere . . . turn into the egg.” It makes 
little difference whether one refers to the process thus or whether 
one calls it simply an invagination. I have used the latter term 
because the process appears to me to be similar in many respects 
to that of invagination and overgrowth seen in gastrulation. 
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Some of the experiments in which this secondary invagination 
appeared have been cited. They are illustrated in Figs. 14, C, 
and 18. Several other experiments follow. 

Experiment LiCl 1. Unsegmented eggs placed in m/10. 6 

hours: not appreciably different from control. 24 hours: be¬ 
ginning equatorial gastrulation. Pigment has decreased some¬ 
what in the cells of the dorsal lip region. The probable signifi¬ 
cance of this disappearance of pigment has been mentioned 
(p. 321). 30 hours: large yolk plug—equatorial gastrulae. 48 

hours: equatorial gastrulae with secondary invaginations. 



Fig. 22. A, differential inhibition—fused suckers, nasal pits, dorsal concavity. 
Three hours' exposure (from late cleavage) to ml 5 LiCl; four days in water. 
(Experiment IV 58 b.) v.s ventral sucker; n.p. t nasal pit. Z>, differetnial re- 
covery. Note the marked dorsal convexity. (Experiment IV 59 e.) Two days' 
exposure (from late cleavage) to m\ 10 LiCl; five days in water. 

In experiment IV 70 (see p. 337) this modification occurred 
in about 10 per cent, of the eggs following 24 hours' exposure to 
w/500,000 HgClo and 24 hours in w r ater. A fev r cases w-ere noted 
following 48 hours' exposure, from unsegmented, to 0.0075 P er 
cent, formaldehyde (Experiment IV 83). In experiment R 135, 
eggs just beginning to gastrulate w r ere placed in 0.001 per cent, 
formaldehyde and after 24 hours' exposure showed equatorial 
gastrulae with secondary invaginations similar to the one show n 
in Fig. 18. Eggs just beginning to segment when subjected to 
the following graded treatment show r ed various degrees of this 
modification in about 50 per cent, of the eggs: KNC mj 1,000 
24 hours, 777/20,000 24 hours, 777/50,000 12 hours, 777/100,000 12 
hours. (Experiment KNC H 5). 

(e) The Gastmlar Angle .—111 the normal egg the blastopore 
normally makes its appearance in a meridian that bisects the 
grey crescent and about 40° below a plane through the center of 
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the egg and parallel to the floor of the segmentation cavity. It 
is characteristic of strongly inhibited eggs that the gastrular 
angle approaches and often equals o. Not infrequently the angle 
becomes negative, i.e. } a circular blastopore is formed above the 
equator. Some of the experiments where this shifting of the 
point of appearance of the blastopore occurred have been cited 
(pp. 337, 339, 340). Several variations of this modification are 
illustrated in Fig. 21. 

Under conditions where marked acceleration of development 
occurs, in w/100,000 KXC; tt/5,000 to 77/20,000 IICI 6 (2 c.c. 



Fig. 23. A, normal. B, microcephalic, eyes closer together than normal, 
nasal pits fused, ventral suckers absent. Three hours’ exposure (from early 
gastrula) to m ,7 LiCl; 13 days in water. (Experiment R 122.1.) 

to 5 c.c. of n 10 HC 1 in well water) made up in well water, there 
is a tendency for the gastrular angle to approximate 45 0 or even 
50°. It is much more difficult to alter the space relation of the 
blastopore and apical region by acceleration than by inhibition. 
It may be noted that the effects of acceleration become more 
apparent about the time of hatching. In these cases the embryos 
are markedly macrocephalic and dorsally convex, indicating more 
rapid growth of the anterior and dorsal parts. 

C. Differential Inhibition in Later Development .—The whole 
problem of differential susceptibility involves of course, not only 
differential inhibition, with which this paper is primarily con¬ 
cerned, but it also includes differential acclimation and recovery, 

6 I am aware that acid is generally regarded as an inhibitor of protoplasmic 
activity, but in these experiments the acceleration of development in certain con¬ 
centrations of HC 1 is perfectly definite and distinct. Similar results were obtained 
independently and repeatedly by both Dr. Child and myself. Since the well water 
in which the solutions were made up contains various salts and other substances in 
minute amounts it remains to be decided whether the acceleration of development 
in these cases is a direct or an indirect effect of the acid. 
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the data on which are fully as striking and significant as those 
on differential inhibition. But their consideration is reserved 
for future consideration along with a detailed discussion of 
differential susceptibility in the later stages of development in 



Fig. 24. Cyclopic frog embryo. (Experiment R 122.1.) 


the frog’s egg. However, for the sake of completeness a few of 
the more striking abnormalities of later development may be 
mentioned. These are: microcephalic forms with such bilateral 
structures as optic vesicles, ventral suckers, and nasal pits in all 
degrees of approximation from nearly normal to complete “ fu¬ 
sion.” 1 These forms are seen somewhat more frequently in 



Fig. 25. Spina bifida, microcephalic, ventral suckers nearly fused. Twelve 
hours’ exposure (from early gastrula) to >1/300 NaOH; four days in water. (Ex¬ 
periment R 125.4.) 

m/10 LiCl than in other agents but they have been obtained in 
varying percentages in all of the agents used to modify develop¬ 
ment. Several of the forms are illustrated in Figs. 22-25. The 
history and treatment of the eggs is given in the legends to the 
fi gures. 

In addition to the marked apical inhibitions just mentioned 
the later stages show also considerable median dorsal inhibition 

1 The term “fusion” is used in a purely descriptive sense for the eye of cyclopic 
forms, single median nasal pits, or single median ventral suckers. Whether the 
primordia of the organs mentioned arise as paired structures and later fuse to form 
a single median structure, or whether a single primordium arises that later divides 
into two parts in normal individuals, but which do not separate under strongly 
inhibiting conditions, is a question for future consideration. 
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(Fig. 22, A) indicated by the marked dorsal convexity with the 
tail extending upward, in some cases at right angles to the body. 
The medullary folds may fail to close in the brain region, in 
the brain region and at the posterior end, or they may not close 
at all throughout their entire length. In some cases anencephalic 
forms appear. Spina bifida of all degrees is of course common 
under conditions that inhibit development, and result primarily 
from inhibition of the dorsal lip region. 

V. Discussion. 

It has been shown that gradients in susceptibility to several 
external agents do exist in the egg and embryo of frog. Concern¬ 
ing the fact there can be no question. It was pointed out that 
the experimentally produced modifications described in this paper 
are readily and logically accounted for on the basis of differential 
susceptibility. Now, since no evidence was found of: (a) “speci¬ 
ficity’’ in the sense in which the term has been used to explain 
terata produced by various chemical agents; ( b) of “blastolysis” 
or (r) of any “disorganization” effect of the chemicals used to 
modify development as effective factors in the production of 
terata, the interpretation of the data is now largely a matter of 
pointing out the basis and significance of differential suscepti¬ 
bility. This is the chief task of the discussion. 

i. The Nature of Physiological Axes .—These differences in 
susceptibility to external agents exhibited by different parts of the 
living egg and embryo (see pp. 322-344) must represent differences 
of some sort in protoplasmic conditions. Living protoplasm is 
a complex system of correlated, interdependent reactions and 
conditions, and it is unquestionably true that different agents 
affect it differently or attack it at different points. But, what¬ 
ever the particular factor or factors chiefly concerned in deter¬ 
mining these differences in susceptibility to particular agents 
may be, whether it be rate of fundamental oxidation-reduction 
processes, state of colloidal aggregation, permeability of limiting 
membranes, or something else, the general uniformity and lack 
of specificity in the susceptibility relations to different agents 
and conditions, not only as regards the egg and embryo of the 
frog but as regards animals and plants generally, force us to 
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certain conclusions. These are briefly: (i) that differences in 
susceptibility must depend primarily upon quantitative dif¬ 
ferences in protoplasmic condition, rather than upon the specific 
or qualitative differences, and (2), that these quantitative dif¬ 
ferences are closely associated with differences in the rate at 
which fundamental physico-chemical processes are taking place 
in different regions of an individual or in different indivduals. 

These facts, viz., differential susceptibility relations and their 
marked uniformity and lack of specificity, not only in the frog 
but also in other 'organisms; gradients in protoplasm-yolk and 
pigment distribution both of which parallel the polar axis; and 
the fact that development begins and proceeds in a definite, 
orderly, and sequential manner with respect to certain axes (or 
to the polar axis) in such a way that structural and functional 
order are at all times referable to one or more axes or planes of 
symmetry (anterior-posterior, dorso-ventral, medio-lateral), con¬ 
stitute evidence for the existence of a fundamental underlying 
order of some sort that exists prior to, and which conditions the 
orderly, sequential, and spatial relations of parts that become 
apparent later in development. Furthermore it is this order, of 
which differential susceptibility is one expression, which affords 
the basis for the great uniformity and lack of specificity in the 
susceptibility relations, not only in the frog but also in other 
organisms. 

The nature and origin of this underlying order is the problem 
of physiological axiation — a, problem that has been the subject 
of no little speculation and experimentation. It has been thought 
by some that polarity and symmetry as manifested in the organ¬ 
ism are fundamental properties of protoplasm, and, like the 
polarity and symmetry of crystalline substances or of the magnet, 
are intra-molecular in character. It may be said, however, 
that this conception and others of a similar nature, do not stand 
the test of experiment even where capable of such an analysis. 

On the basis of extensive experimental work Child has arrived 
at a dynamic conception of physiological axes in the organism 
with the aid of which he accounts in a satisfactory manner not 
only for many of the hitherto unrelated facts of normal and 
abnormal development, but also he has been able experimentally 
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to modify and control development on a predictable basis. 1 
Child looks upon a physiological axis in its simplest terms as a 
quantitative gradation in physiological condition. He has 
brought forward evidence from a number of sources which point 
to the conclusion that this gradient is a gradation in rate of 
metabolism, or at least of certain fundamental reactions such 
as the oxidation-reduction processes, which is associated with a 
gradation in the physical condition and constitution of the 
protoplasm. 

If a gradient in physiological condition is a fundamental 
ordering factor in the process of physiological axiation, it should 
be possible to obtain as many expressions of this gradient as 
there are aspects into which fundamental metabolic activity and 
the physical constitution of the protoplasm may be analyzed. 
Hence, we might expect to find, e.g ., gradients in irritability; 
in growth and differentiation and development; in the visible 
morphological condition of the protoplasm; in permeability; 
in the active mass of enzymes; in electrical potential; in oxida¬ 
tion as measured by oxygen consumption and in carbon dioxide 
production; and conversely, gradients in susceptibility to lack 
of oxygen. Well known biological facts afford demonstrative 
evidence for the existence of some of these gradients. Further 
evidence for the existence of other of these gradients has been 
published by Child, Hyman, et al. 1 Other evidence is yet 
unpublished. 

‘'All the various lines of evidence considered agree in showing 
that axial gradients in the dynamic processes are characteristic 
features of organisms and that a definite relation exists in each 
individual between the direction of the gradient in any axis and 
the physiological and structural order which arises along that 
axis. In the major axis the region of highest rate in the meta¬ 
bolic gradient becomes the apical or anterior region of the 
individual, and in the minor axes also the regions of highest rate 
in the gradients represent particular features of the order in 
each case. Along any axis particular parts apparently represent 
particular levels in the gradient. The variety, extent, and agree- 
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ment of the evidence is all the more interesting in view of the 
fact that such gradients have not heretofore been recognized as 
characteristic features of organic constitution.” (Child, 1915a, 
p. 87.) 

2. Origin of the Dorsal Lip Region .—The data on differential 
killing and differential inhibition in the frog show, not only that 
the apical pole region is more susceptible than other parts of the 
egg during early development, but also that as development pro¬ 
ceeds a secondary region of high susceptibility appears in the 
sagittal plane about ioo° below the apical pole. This is the 
dorsal lip region. Morgan and Boring (1903) showed that in the 
eight cell stage, that cell of the upper quartet lying nearest the 
grey crescent is slightly smaller than the other three cells of the 
quartet. This inequality persists up to a stage some time after 
the beginning of gastrulation, cell division being somewhat more 
rapid here than elsewhere on the egg. It is well known that 
during early cleavage some of the apical cells migrate or are 
pushed downward to form a so-called germ ring that lies at first 
on the equator of the egg and later below it. Correlated with 
the greater activity of the apical pole cells in the sagittal plane, 
this migration or pushing is most rapid in this plane, i.e., in that 
pigmented quadrant the median meridian of which bisects the 
grey crescent. This displacement of material from the apical 
pole region is probably not to be conceived as an active migration 
but as a consequence of the more active cell division and growth 
in the embryonic meridian. After the materials in this meridian 
have been displaced a certain distance from the apical pole they 
seem to get beyond the range of correlation of that region; 
certainly they become more active and establish the posterior 
growing region (dorsal lip). At the time of gastrulation some 
of the material included in the dorsal, lip cells is certainly not 
less than ioo° from where it was in the four-cell stage. What 
this migration of the materials of the apical region toward the 
equator of the egg amounts to, of course, is a growth in length 
which is greatest and proceeds most rapidly in the sagittal plane. 

This dorsal lip region, which arises secondarily as a rapidly 
growing posterior region, appears normally at a fixed distance 
(about 130°) from the apical end of the polar axis, and it is 
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shown that this distance decreases with increasing inhibition 
(decrease in metabolic rate) of the apical region, and increases 
slightly with increase in activity (acceleration) of the apical 
region. The facts suggest at once a definite physiological correla¬ 
tion between the apical region and the region of the dorsal lip 
which arises secondarily as a posterior region of active growth 
and differentiation, and which does not appear to differ funda¬ 
mentally from the posterior growing region which gives rise to 
the trunk in annelid larvae (Child, 191 7a). 

From these facts, viz., the secondary origin of the dorsal lip 
region, its definite spatial relation to the apical region, which 
may be controlled experimentally, and its appearance at the 
distal end of a rapidly growing region, the origin of the dorsal 
lip region offers an interesting parallel to those cases in certain 
lower animals and plants where new zooids or new individuals 
arising by asexual reproduction have been shown to appear as 
physiological isolations. 1 

I11 the simple cases of physiological isolation in lower animals 

1 The role of physiological isolation, dominance and subordination in develop¬ 
ment has been studied by Child and fully stated by him (1915a, pp. 88-169) and 
need not be considered here except to mention some of the pertinent facts. In 
Child’s own words: 

“The experimental evidence demonstrate, first the essential independence of 
the apical region in both plants and animals, and secondly, determination and 
control by this apical region of the developmental processes at other levels of the 
major axis of the individual.’’ (1915a, p. 125.) 

The facts indicate for those forms investigated, that the control of subordinate 
parts by the dominant region is transmissive rather than transportative in character, 
and that the range of dominance, i.e., the distance over which the control of the 
dominant region is effective and beyond which physiological isolation occurs, 
varies with the relative metabolic rates of the dominant and subordinate parts, 
and condition of the conducting path; increasing with increase in metabolic rate 
in the dominant regions and with the specialization of the conducting path, and 
decreasing with decrease in the metabolic rate of the dominant region, with increase 
in rate of the subordinate region, and with interference with the conducting path. 
These four ways in which physiological isolation may occur are summed up by 
Child, thus: 

“It is possible to control and alter experimentally the spatial relations of parts 
in the individual by altering the length of the metabolic gradient and so the range 
of dominance. Parts of the individual may come to lie beyond the range of domi¬ 
nance in consequence of increase in size of the whole, of decrease in range and degree 
of dominance by decrease in the metabolic rate in the dominant region, of decrease 
in conductivity of the paths of correlation, and of the direct local action of external 
factors which increase the independence of subordinate parts.’’ (1915a, p. 169.) 
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such, e.g. } as the flatworms, it appears that as the body increases 
in length the posterior region comes to lie beyond the range of 
dominance (control) of the apical end. As a consequence, the 
posterior end undergoes much the same changes that it would 
if physically isolated. It begins to dedifferentiate and its suscep¬ 
tibility increases, i.e ., it comes to resemble physiologically 
younger tissue. If these processes go far enough the posterior 
region gives rise to a new zooid which in time may become a new 
individual. 1 

In the annelids such a region arises early in development but 
instead of producing zooids which develop into independent indi¬ 
viduals it proceeds to give rise to segments that are reintegrated 
and brought under control, probably through the specialization 
of the nervous system. From this point of view the development 
of the annelid trunk appears to be a succession of incomplete 
reproduction processes, but which undergo reintegration into a 
whole consisting of segments. 

In the light of all the facts it is difficult to avoid the conclusion 
that the origin of the dorsal lip region is fundamentally similar 
to these processes of physiological isolation, since the dorsal 
lip region arises secondarily at the posterior end of the embryonic 
area as a region of high susceptibility, increased activity, and 
rapid growth. 

The secondary invaginations afford an interesting bit of evi¬ 
dence in that, with certain degrees of inhibition of the apical 
region, the range of dominance is decreased and after a first iso¬ 
lation has occurred—a second one may arise nearer the apical end. 

3. The Question of 11 Specificity" in Teratogen y .—The word 
“specificity” as used in the literature on vertebrate teratogeny 
is difficult of exact definition. In general it has been used to 
designate some unique reaction of an organism or part, to a 
particular experimental factor, especially a particular chemical 
substance, such as to produce an anomaly characteristic of 
that individual external factor. 

Various attempts have been made to identify experimentally 
produced abnormalities with either a specific chemical effect or 
with a more general physical effect of some one of numerous 

1 Child, 1911, Jour. Exp. Zool ., Vol. n. 
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agents that have been used to modify development. The litera¬ 
ture of this subject has been reviewed incidentally so many times 
(Korschelt and Heicler, 1902; Hertwig, 1906; Jenkinson, 1909) 
that only certain essential facts and conclusions need be men¬ 
tioned here. Gurwitsch (1896) attributed the various abnormali¬ 
ties of the frog produced by him in sodium bromide, lithium 
chloride, and weak solutions of strychnine, caffein, and nicotine, 
to an “einigermaassen specifische” action of individual chemicals 
upon certain regions of the egg. Stockard (1909) at one time 
believed that cyclopia in Fund-ulus was due to a specific cyclopic 
producing property of MgCI 2 and went so far as to suggest that 
cyclopia in man may be due to an unusually high amount of Mg 
in the amniotic fluid or in the blood of the pregnant mother. 
When, however, it had been shown that a large number 6f dif¬ 
ferent substances produce the same anomaly, Stockard (1914) 
abandoned his earlier view that there are “specific responses to 
the given chemical substances employed” and suggested that 
since “a certain definite response on the part of the developing 
organism may be consistently obtained after carefully adjusted 
treatments with a large number of different substances . . . 1*11 
certain cases they may serve simply to lower the developmental 
metabolism and thus prevent or arrest the formation of particular 
structures.” No reason is offered to explain how lowering the 
developmental metabolism may cause the prevention or arrest 
of' the formation of particular structures or why, under properly 
controlled conditions, particular regions of the embryo are affected 
more than other parts and in a definite and sequential relation 
to one another, though he notes that the nervous system and 
special sense organs are most affected by the use of chemical 
agents that inhibit development. 

To digress for a moment, in the light of present knowledge 
we believe it possible to give a rational interpretation of these 
facts. The reason that a lowering of the developmental meta¬ 
bolism under conditions where acclimation does not occur, can 
prevent or arrest the formation of such structures as nervous 
system and special sense organs, is the fact that there is a 
gradient in the rate at which the processes described by the 
collective term “metabolism” are taking place along physio- 
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logical axes. Anterior, medial, dorsal regions, because of their 
higher metabolic rate are more susceptible to the inhibiting 
conditions and hence are more affected. 

Bataillon (1901) studied the abnormal development of the 
frog in isotonic solutions of cane sugar, NaCI, and a number of 
other salts and reached the conclusion that osmotic pressure and 
the consequent withdrawal of water from the developing embryo, 
is the effective cause of abnormalities. Jenkinson (1906) showed 
that solutions of a large number of substances, isotonic with 
0.625 P er cent. NaCI, do not produce the same, but markedly 
different effects. It may be pointed out however that these 
effects differ not in kind, but in degree, and are on the whole 
readily interpreted in terms of differential susceptibility. And 
it may be remarked here that the large number of abnormalities 
in the frog described during the past quarter of a century which 
have been produced by experimental means may all be rationally 
interpreted in these terms and readily brought into relation with 
the axial gradients. Jenkinson’s conclusion was that the ab¬ 
normalities produced—covering most of the modifications known 
in amphibian teratology—were not to be attributed to the os¬ 
motic pressure of the solutions but were due to their chemical 
or physical properties. Morgan who has done much work on 
abnormal development in the frog, stated, (1906) in speaking of 
the osmotic and chemical effect of salt solutions on the frog egg, 
that: “It is probable that the effect is a double one; in part 
chemical, in part osmotic.” 

There can be little doubt that certain substances especially 
in high concentrations, do have a physical as well as a chemical 
effect upon protoplasm. Furthermore, in a highly specialized 
egg like that of the frog where a considerable volume of relatively 
inert matter (yolk) is localized in one hemisphere, high osmotic 
pressures such as exist in solutions of certain electrolytes and 
other substances in concentrations high enough to cause markedly 
abnormal development, and substances that have a solvent action 
on the yolk (alcohol, e.g .), may in-extreme cases set up secondary 
disturbances of a mechanical sort such as partly or wholly to 
obscure the general susceptibility relations. But, it is especially 
to be noted that those agents which, in extreme concentrations 
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or intensities of action, do tend to obscure the differential sus¬ 
ceptibility relations, may be used in other concentrations or 
intensities, to produce differential inhibitions that, in kind, are 
not different from the differential inhibitions produced in a 
variety of other agents. 

Although it was stated (p. 346) that in the reaction of the 
frog egg to the different substances used to modify development, 
no evidence was found of any “specific” action, in the sense in 
which the term has been used , I do not wish to be understood as 
implying that all chemical substances act upon protoplasm in 
exactly the same way. It is to be expected, and bio-chemical 
and zoological literature contain abundant evidence to show, 
that different agents do affect protoplasm in different ways. 
KNC, e.g., which is a powerful reducing agent is known to 
interfere with oxidations and enzyme activity in the organism. 
Hyman (1919) found that in planaria oxygen consumption may 
be reversibly cut down as much as 80 per cent, to 90 per cent., 
in the presence of minute amounts of KNC. In this paper she 
gives a comprehensive review of the literature on the action of 
cyanides on protoplasm so that further discussion of this matter 
is unnecessary here. So far as susceptibility relations are con¬ 
cerned formaldehyde appears to affect protoplasm in much the 
same way as KNC, and KMnCb which is a vigorous oxidizing 
agent is equally efficient for demonstrating differences in suscepti¬ 
bility in organisms. 1 It is a significant fact that these oxidizing- 
and reducing agents are among the most effective agents that 
have been used in the study of physiological axiation. 

As regards anesthetic action in the stricter sense, whether these 
agents disturb oxidations, affect the lipins of the cell, produce 
changes in the surface membranes, etc., there appears to be no 
consensus of opinion. 

Various salts affect protoplasm, especially the colloid sub¬ 
stances, in widely different ways. They may bring about 
changes in the state of aggregation of colloids, and the loss or 
addition of water; induce changes in ionization which may 
result in the precipitation or solution of certain substances in 
the protoplasm; or upset the electrical equilibrium, and so on. 

Acids and alkalies also affect the speed and type of many 
Child, Biol. Bull., 36, 1919. 
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reactions in protoplasm in a variety of ways depending upon the 
ionization constant of the acid or alkali, concentration, reactivity 
of the substances formed by their interaction with protoplasm, 
etc. 

It is obviously impossible here to go into a detailed discussion 
of the particular types of reaction set up between external 
agents and living protoplasm. For a resume of this important 
subject the reader is referred to Mathew’s “Physiological Chem¬ 
istry,” especially chapter V., where references to the literature 
may be found. 

In spite of the various factors concerned in the action of 
external agents upon living protoplasm, the highly significant 
fact remains that the susceptibility relations to external agents 
whose action is severe enough to kill within a few hours or to be 
distinctly toxic show not only a high degree of uniformity for 
at least a large number of different agents, but also a very definite 
correlation with metabolic conditions. 

As regards permeability of limiting membranes there can be 
no doubt that it is an important factor in the movement of 
substances into and out of the cell. But the passage of many 
substances across the cell membrane in concentrations high 
enough to kill the protoplasm follows only upon the destruction 
of, or irreversible changes in the surface membrane and the con¬ 
sequent more or less complete disappearance of its special 
physiological characteristics. Furthermore, the cell membrane 
is alive and therefore metabolically active to some extent, and 
its peculiar properties as regards permeability are dependent 
upon the fact that it is alive, since they disappear with its death. 
It is evident then, first, that semi-permeability is more or less 
closely associated with metabolic conditions and second, that 
differential susceptibility to external agents cannot be inter¬ 
preted in terms of permeability as distinct from metabolic 
conditions. 

Experimental analysis has already shown* that many of the 
so-called cases of specific action of external agents are not properly 
speaking specific effects at all, but actually are differences in 
degree rather than in kind. And the question may be raised 
whether at least many other apparently specific effects will not 
prove to be of the sarfie sort. 
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Even admitting that different agents do attack the proto¬ 
plasmic reaction system at different points—as they undoubtedly 
do—the important point is that in such a complex and inter- 
correlated physico-chemical reaction system as protoplasm, it 
is hardly possible to alter any one set of reactions or conditions 
to any considerable degree, without disturbing the system as a 
whole. Consequently in subjecting the frog egg or any other 
developing organism to an agent that in any way inhibits proto¬ 
plasmic activity to a sufficient degree, it is certainly, in its broader 
aspects, not a specific, but a general or quantitative effect and 
reaction of the organism to the agent that becomes apparent. 
It is the striking uniformity of the susceptibility relations of 
organisms to so many different agents and conditions that forces 
the conclusion that there must be some fundamental feature of 
all axiate organisms that is affected in much the same way by 
different agents. In other words, it is the existence of a gradient 
or gradients in metabolic rate, and protoplasmic conditions associated 
with them along physiological axes in the organism , that determine 
the uniformity and the susceptibility relations that have been shown 
to exist , and afford the basis for a rational interpretation of terato- 
logical development . 

VI. Summary. 

1. In the ovarian egg of the frog there is a definite relation 
between the polar axis of the egg and its blood supply. In every 
case the pigmented hemisphere is more richly supplied with 
arterial blood than the unpigmented hemisphere. It is suggested 
that polarity arises in response to this external factor, viz., 
respiratory and nutritive relation of the egg to the parent body. 
It also seems probable that the localization of the pigment on 
the egg is in response to the greater oxygen supply over a re¬ 
stricted area. There is no orientation of the ovarian egg to 
gravity. 

It is pointed out that polarity in a number of other organisms 
arises in response to conditions external to the egg. 

2. It is shown that differences in susceptibility exist in different 
parts of the egg and embryo of the frog. These differences are 
evidenced in the following ways: 

(a) By differential death gradients, 


EARLY DEVELOPMENT IN THE FROG. 


357 


( b ) By differential inhibition, and 

(r) By differential acclimation and recovery. 

3. The two modifications of the susceptibility method de¬ 
scribed in this paper, (a) and ( b ) above, agree in showing that: 

(a) Those parts of the egg where development first begins and 
proceeds most rapidly die soonest in lethal concentrations or inten¬ 
sities of external agents and are inhibited most under conditions 
so severe that acclimation does not occur. Both disintegration 
processes and inhibition are differential, paralleling the polar 
axis in early development and other axes that arise later. 

( b ) All of the modifications, produced under different condi¬ 
tions, are essentially similar, differing not in kind but in degree. 
No evidence was found of “specificity,” “ blastolysis” or “dis¬ 
organization ” as effective factors in the production of any of the 
modifications. 

(c) The experimental data indicate that any type of abnor¬ 
mality may be produced under the influence of any inhibiting 
agent by controlling the concentration or intensity of action, the 
length of exposure and the stage in development (physiological 
condition) of the egg or embryo when exposed. 

4. Differential inhibitions, appearing under conditions that 
prevent acclimation, are evidenced in the following and other 
ways: 

(a) By the relatively slower division of the more active animal 
pole cells with the result that the cell size ratio approaches and 
may become equal to one. 

(I?) By the retardation or prevention of downward movement 
of material from the animal hemisphere, which takes place, 
normally, most rapidly in the sagittal plane, but which under 
these conditions, is most retarded in this plane. 

(c) By the retardation of the dorsal lip region with the forma¬ 
tion of V-shaped blastopores and oval yolk plugs that may be 
several times longer in the sagittal plane than broad. 

(d) By the retardation of both dorsal and lateral lips of the 
blastopore resulting in the formation of flat-crescent blastopores 
and a whole series of modifications between this and, 

( e ) Perfect equatorial gastrulae. 

(/) By the appearance of a secondary invagination apical 
to the original blastopore. 
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(o) By the shifting of the blastopore so that it may come to 
lie at or above the equator of the egg. (Accompanies d , e, /.) 

(//) By the apparent obliteration of bilaterality, resulting in 
the formation of embryos radially symmetrical about the original 
polar axis. 

(/) In the later embryonic stages a variety of abnormal types 
appear most of which are later stages of c, d, e and g, above. 
Among them may be mentioned, microcephalic forms with eyes, 
nasal pits, and ventral suckers in all degrees of approximation 
to complete “fusion”; anencephalic forms appear, and spina 
bifida of all degrees are common. Most of the forms show a 
marked dorsal concavity and the medullary folds may remain 
open in the brain region or throughout their entire length. 

5. Since the dorsal lip region arises at the distal end of a rapidly 
growing region, and bears a definite spatial relation to the 
apical region that is experimentally controllable, it is probable 
that it arises by physiological isolation consequent upon the 
rapid growth in length, especially in the sagittal plane. 

6. The data presented indicate that at the beginning of de¬ 
velopment, metabolic processes are most rapid at the apical 
(animal) pole and decrease toward the basal (vegetative) pole. 

7. With advance in development a secondary region (dorsal 
lip) of high susceptibility appears, probably as a physiological 
isolation and represents a posterior “segmental” region of rapid 
growth similar in many respects to the posterior growing region 
of annelid larvae. 

8. It is pointed out that the existence of gradients in metabolic 
rate along physiological axes in the egg and embryo make possible 
the great uniformity and lack of specificity shown to exist in the 
susceptibility relations in the frog and other organisms, and 
affords the basis for a rational interpretation of teratogeny, 
not only in the frog but also in vertebrates generally. 
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THE ORANGE STRIPED ANEMONE (SAGARTIA 
LUCI/E, VERRILL). AN ECOLOGICAL STUDY. 

LEON AUGUSTUS HAUSMAN, Ph.D., 

Cornell University. 

The orange striped anemone (Sagartia lucice Verrill) is one 
of the commonest of the marine invertebrates to be found along 
the Connecticut coast. It was first observed at New Haven 
in 1892 by Miss Lucy Verrill, and described in 1898 under the 
name of Sagartia lucice by Professor Verrill, who believed that it 
had been introduced into this locality from more southerly 
waters of North America, possibly on the shells of oysters. 
From New Haven it has greatly extended its range, and in 1901 
was reported as being found as far north as Salem, Mass. 

The morphology and anatomy of Sagartia lucice, as well as 
its general physiology and geographical dispersal, have been 
ably dealt with in earlier papers. The present contribution 
embodies the results of a summer’s observations made at various 
points along the Connecticut shore of Long Island Sound, and is 
chiefly concerned with the ecological relationships of the creature. 

Although Sagartia lucice is one of the most numerous of the 
invertebrates of the littoral fauna of Long Island Sound, it is, 
nevertheless, an inconspicuous member of the fauna, both 
because of its diminutive size (being normally about a quarter 
of an inch, or less, in diameter) and because of the concealing 
character of its olive green coloration. The bright orange stripes, 
to the number of about twelve in adults, further aid in rendering 
the creature inconspicuous by interrupting the contour of the 
body. The tentacles are usually arranged in four rather ill- 
defined rows, each row consisting of twelve tentacles. Within 
each row there is contained one tentacle, larger and longer than 
the rest, which normally corresponds in location with an orange 
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stripe. These larger tentacles, also, indicate the position, 
within the body, of the equally numerous intermesenterial spaces. 
Within the circle of tentacles lies the greenish oral disc, the 
center of which is pierced by the mouth opening, surrounded by 
the lip band. The latter structure is usually reddish in color; 
is impressed by a number of folds about its inner edge; and 
bears'two prominent, opposite, gonidial grooves. 

Since reproduction is often accomplished by longitudinal 
fission, or less commonly by budding, or by dividing at the base 
in a sort of budding process which Davenport (i) has termed 
basal fragmentation, individual anemones vary considerably in 
form and size, according to the stage of life which each is passing 
through at the time of the observation. Mature individuals 
which have not yet apparently begun reproductive activities, 
are illustrated by Figs, i and 2. Extremely unsymmetrical, and 
even monstrous,' forms are frequently encountered, the results 
of accidental mutilation, for regeneration of lost parts reaches, 
with Sagartia , a high degree of development. Consequently 
surprisingly small fragments often settle down and regenerate 
an entire individual. Davenport has pointed out that new 
tissue, in individuals which are the results of reproduction by 
division, is of a hue of green less olive in tone that that of older 
individuals, and that the new stripes are a brighter yellow, with 
less orange tint. This is also true of new tissue which is being 
regenerated to make up for some lost portion of the body. 

The general color scheme of Sagartia seems to be particularly 
well adapted to the concealment of the creature. The olive 
green of the body, broken by the longitudinal orange stripes, and 
the grayish white of the tentacles, forms a color aggregation of 
unusually subdued character when the animal is viewed in its 
normal habitat. When fully expanded, and hence in its most 
conspicuous attitude (Fig. 1), the body becomes lighter in color 
(because the more translucent) and the body assumes a trans- 
lucency, as do also the tentacles. The latter, indeed, become, 
often, virtually colorless, and almost transparent. The color of 
the orange stripes likewise undergoes a diminution in intensity 
as the expansion of the animal progresses. Under these con¬ 
ditions, when viewed either from above or below (the latter by 
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means of a mirror placed at the bottom of the pool), the body 
outline becomes almost impossible to trace. Another aid to 
concealment is afforded by the immobility of the tentacles when 
the animal is fully expanded, and also by the extreme deliberation 
with which the act of expansion takes place. When contracted 
(Fig. 2) the animal appears like a small dark greenish button¬ 
like protuberance, whose outline, however, is interrupted by the 
orange stripes. This combination of dark olive green and 
orange (which seems at first a rather gaudy ensemble) can be 
shown to be a peculiarly effectual one for the type of rock on 
which Sagartia is usually found seated, i.e. f the granites of the 
New England coast. The rock is flecked with black, and with 
varying tints and shades of gray, green, reddish, and yellow, 
from the included quartz, feldspars, hornelende, etc., and from 
the various chemical combinations with these minerals which 
the oxygen of the air and the substances of the sea water make. 

Sagartia lucice occurs below tide level on piles, or other sub¬ 
merged objects, and is frequently associated with the rock 
barnacle {Balamis balanoides) , and with two species of mussels; 
the ribbed mussel ( Modiola plicatula ), and the black or edible 
mussel (Mytilus edulis ). In the same company may also be 
found small clusters of the common oyster ( Ostrea virginica). 
More often, however, the habitat of Sagartia are the tidal pools 
between the tide lines, among rocky headlands and shores, and 
rocky tidal islands, in which the New England coast abounds. 
Wherever it occurs, however, it will usually be found attached 
to vertical, or overhanging surfaces, rather than to horizontal 
ones (Fig. 3). In some few tidal pools it was found, however, 
on the gently sloping sides. Comparatively few enemies, either 
organic or inorganic, attack those individuals which are attached 
to the vertical or overhanging sides of the pool, while those that 
becomes detached and cast to the bottom are soon either buried 
by debris brought in by wave or tidal currents, or fall an easy 
prey to mud crabs (. Panopeus), rock crabs ( Cancer irroratus ), or 
hermit crabs ( Eupaguriis longicarpus), for Sagartia , despite its 
armament of nettling acontia, is without means of defense 
against these heavily armored scavengers. 

As a rule, the rock itself seems to be the favorite location of 
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Sagartia, for the creature can detach itself, at will, from its seat, 
and move by means of its tentacles, or float about, head down¬ 
ward, from the surface film of the water until a more favorable 
locality is found. The fact that the rock, or other seat of equal 
solidarity, is chosen more often than any other for the obsession 
of Sagartia would seem to indicate that the creature possesses a 
sense which instructs it regarding the relative stability of sub¬ 
merged objects. However it is often found attached to the 
shells of living mussels and even sometimes upon eel grass, fucus, 
or other algae. It often occurs, also, attached to shells, and other 
objects that have become firmly wedged into crevices in the rock 
by the action of the waves. 

Sagartia is ordinarily solitary in its habit, and not communal, 
and yet, what seem to be in effect, colonies, at least in so far 
as mere physical propinquity is concerned, were met with in tidal 
pools, where, apparently by repeated divisions, coupled with but 
little migration on the part of the increasingly numerous progeny, 
groups of from ten to twenty-five individuals, with their bases 
almost in contact, were formed. That this group formation 
aided in securing food was seen when large beach fleas (Orchestia 
agilis ), which were easily able to escape the embrace of a single 
anemone, were at once, caught and held by the numerous 
tentacles brought to bear in the capture by several contiguous 
individuals at once, and easily nettled into a state of helpless¬ 
ness. Possibly such a colonial existence (if it may be so called) 
makes also for the more effectual protection of the individual 
members of such a community. Such groupings seemed to be 
the exceptions, and not the rule, in the disposition of the anemones 
in the tidal pools. It is interesting to conjecture, that possibly 
this grouping, perchance accidental at first, marks the beginning 
of the development of a movement toward communal living on 
the part of Sagartia. If this manner of living does make for the 
better protection of the members of colony, and aids in securing 
more frequent and larger captures of food, then we may suppose 
that the collective individual will thrive at the expense of the 
independent one, a law of progress derivable from other fields 
also than the biologic one. 

The food of Sagartia consists mainly of small Crustacea, 
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annelids, etc., which are seized by the tentacles, rendered inno¬ 
cuous by the acontia and then gradually manipulated into the 
mouth. Fig. 4 represents an individual capturing a beach flea, 
which had been steered into the blossom of tentacles with a 
broom splinter. All sorts of sufficiently soft food substances, 
either living or dead, are taken undiscriminatingly. Numerous 
individuals were fed by the writer, both in their natural habitats, 
undisturbed, and in aquaria, with pieces of fish, both fresh and 
decaying; clam, mussel, beef, bread, salt pork, insects, etc., 
which the anemones seized and devoured with the same impartial 
gusto which they showed for living creatures. They however re¬ 
jected hard substances, such as sand grains, bits of shell, wood, 
etc. Beef juice, dexterously squirted upon one portion of the 
blossom of tentacles with a finely drawn out pipette, caused 
them to respond at once by throwing over a large number of 
tentacles to that side whence the stimulus had come and en¬ 
deavoring to entrap some object. Frequently the tip of the 
pipette would be grasped, only to be relinquished again. Foreign 
substances, i.e ., those not usable as food, were pushed to one side 
of the blossom of tentacles and allowed to fall off. The food 
which seems to form the bulk of their intake consists of the 
smaller crustaces, such as small beach fleas ( Orchestia agilis ), 
small clam worms ( Nereis ), and other small marine worms, very 
small crabs in the soft shelled stage just after a molt, chiefly the 
mud crab {Panopeus) , crushed rock barnacles ( Balanus balan- 
oides), very small fish fry, and heterogeneous particles of animal 
tissue which the tidal and wave currents chance to float by. 
A lessening of the food supply in some particular neighborhood 
apparently is the moving cause that sets many individuals roving 
by hanging head downwards from the surface film of the water 
and being borne here and there by currents until a more fruitful 
locality is discovered. Rarely there was found a more ambitious 
individual which had fastened upon the shell of a periwinkle 
(.Littorina littoria), and was continually being carried into 
pastures new. 

The enemies of Sagartia are numerous. Among them the most 
important are: various species of rock bottom feeding fishes, 
rock and mud crabs, starfishes (Asterias, and others), and the 
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larger clam worms. Many individuals are doubtless swept away 
by the assaults of sand and debris-laden waves in times of storm, 
and by the grating of ice cakes against the rocks during the 
winter. Frequently a tidal pool is drained by an excessively low 
ebb tide, and the anemones left exposed for an hour or so to the 
rays of a direct sun. This, coupled with a vigorous dry wind 
will often accomplish the destruction of some individuals, 
though they were able to withstand even such adverse conditions 
to a surprising degree, as experiments showed. 

It seems remarkable that so soft and relatively defenseless a 
creature should have so greatly increased its numbers and 
extended its range in our waters. Its success in meeting the 
unusually numerous vicissitudes of a littoral existence may per¬ 
haps be attributed to the following: (i) in ability to withstand 
considerable differences in temperature, (2) its ability to with¬ 
stand buffeting by the waves because of the yielding and resilient 
character of its body, (3) its ability to contract tightly, and to 
survive through a period of foul water, or of dry conditions 
exposed to the sun and wind, (4) its apparent disregard of 
differences in the salinity of the water, (5) its protective color¬ 
ation, (6) its defensive acontia, (7) its rapid rate of reproduction 
and growth to maturity, (8) its several methods of reproduction, 

(9) its ability to withstand annihilation through laceration, and 

(10) its ability to regenerate lost parts. 
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EXPLANATION OF PLATE I. 

Fig. i. A fully expanded, mature Sagartia with its tentacles in exploring 
posture, after having been stimulated with beef juice injected into the water. The 
object to which it is attached is an edible or black mussel (Mytilus ediilis ). 

Fig. 2. Contracted mature Sagartia. 

Fig. 3. Transection through a typical ideal tidal pool, to show the disposition 
of Sagartia individuals, and their general ecological relationships. 

1. Sagartia lacifp. 

2. Edible or Black Mussel ( Mytilus edulis). 

3. Ribbed Mussel ( Modiola plicaliila). 

4. Mud Flat or Elephant Snail (Nassa obsoleta ). 

5. Oyster Drill ( Urosalpinx cinerea). 

6. Periwinkle ( Littorina littoria), not numbered in the figure. It occurs in 

great numbers, everywhere. 

7. Oyster ( Ostrea virginica ) rare in tidal pools. 

8. Clam Worms (Nereis), in mud among masses of mussels. 

9. Small Ribbon Worms (Mechelia ). 

10. Starfish (Asterias forbesi and vulgaris). 

11. Hermit Crabs (Eupagurus longicarpus). 

12. Mud Crabs ( Panopeus herbestii and others). 

13. Rock Barnacle (Balanus balanoides ). 

14. Green Beach Flea ( Orchestia agilis). 

Fig. 4. Sagartia , capturing a small Beach Flea ( Orchestia agilis ). 

Fig. 5. Partially contracted Sargtia, of large size, just before fission. A strong 
light had been placed behind the creature, revealing the manner of the accommo¬ 
dation of the contracted tentacle blossom, and the folded sides of the gastrovascular 
cavity. The latter is seen to be empty of food. 
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PRELIMINARY NOTE ON THE SPERMATOGENESIS 
OF PEDICULUS VESTIMENTI. 1 

KATHARINE FOOT. 

In response to a request from Col. Alexander Lambert I came 
to Paris, December, 1917, in order to study Pediculus vestimenti 
from the point of view of the biologist in the hope of getting 
some data that might be of service to the investigators who were 
studying the louse as a possible transmitter of certain diseases 
prevalent among the troops. 

In an exhaustive and masterly study of the problem in rela¬ 
tion to trench fever, Col. Strong has shown that the lice can 
unquestionably transmit this disease and has proved beyond 
question what was heretofore merely a surmise. 

Such data as I have been able to collect that may have some 
bearing on the problems in relation to disease have been reported 
to the Research Department of the American Red Cross; but I 
have omitted from such reports purely cytological data which 
have no apparent practical value. 

As far as I know, no report has been published of any work 
done on the chromosomes of the louse, and as P. vestimenti has 
been classed as an Hemipterous insect I was interested to see if 
the chromosomes have the same bizarre morphological char¬ 
acteristics as are typical of so many Hemiptera. 

The spermatocyte chromosomes are very minute, so minute 
that I have as yet found it impossible to demonstrate the method 
of division of the second spermatocytes; but I have several 
entirely satisfactory stages of the first spermatocyte chromosomes, 
and as these have the same morphological characteristics as the 
corresponding stages in other species of Hemiptera, it is quite 
permissible to assume a like correspondence for the second 
division. 

1 My grateful acknowledgments are due to the late Professor Blanchard, who 
gave me a most cordial welcome to his laboratory at the Ecole de Medecine. He 
not only gave me ample space for my work but the sympathy and encouragement 
I received from him and the members of his staff made it possible for me to con. 
tinue my investigations of these repulsive insects. 
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The above mentioned morphological peculiarity of the chromo¬ 
somes of many Hemiptera i . e. the unequal bivalent—called by 
Wilson the X Y chromosome—is present in the first spermato¬ 
cytes of Pediculus vestimenti and its division is typical—the two 
unequal parts dividing as univalents in the first division. The 
unequal bivalent is demonstrated in the metaphase stages of 
Figs, io, n, 12, and the division of the smaller half of the unequal 
bivalent is shown in Fig. 13. 

Miss Strobell and I (1914) published a series of photographs 
showing both the first and second spermatocyte divisions in 
Euschistus variolar ins, Euschistus servus and in two generations 
of hybrids from E . variolarius by E . servus. A comparison of 
these photographs of the first spermatocyte chromosomes with 
the above mentioned Figs. 10-13 will show that the first sperma¬ 
tocyte chromosomes of Pediculus vestimenti are of the same type 
as in the species of Euschistus referred to, and it is therefore 
quite logical to assume that the second spermatocyte chromo¬ 
somes are equally typical though its demonstration is not yet 
possible. 

In Fig. 16 (on the right) is a group of chromosomes from an 
embryo in an egg at the basal end of the ovary. 

It is not possible to determine the exact number of chromo¬ 
somes of this group, as 18, 19 or 20 can be counted. 

The first spermatocyte chromosomes indicate that the somatic 
number should be ten and in the few spermatogonial groups I 
have found it possible to identify ten chromosomes; but they 
are so small and so frequently constricted that the estimate 
can always be questioned. 

I am convinced that the most favorable stage for an exact 
interpretation of the louse chromosomes is the first oocyte 
prophase, but to secure this stage involves a patient search which 
cannot be undertaken at present. Fig. 18 indicates that it will 
be possible to find the later prophase stages, for in this preparation 
the chromosomes are nearly formed, and it ought to be possible 
to find the slightly later stages in the same locality of the ovary. 

An early stage of the yolk spheres of the ovary is shown in 
the photomicrograph of Fig. 16 (on the left). These are chromo¬ 
some-like structures, which in the early stages select the chroma- 
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tin stains and are morphologically so like chromosomes that one 
is tempted to interpret them as chromosomes which develop into 
yolk-spheres. 

A series of stages prior to the first spermatocyte metaphase 
is shown in Figs, i to 9. The centrosomes of the first spermato¬ 
cytes (Figs. 1 to 4) are a feature of these stages which is most 
marked. The position of these centrosomes in relation to the 
nucleus is very variable: they are in contact with the nucleus 
or almost in contact with the periphery of the cell or in any 
position between these two extremes. In later stages they are 
frequently divided into two or more, rarely into three, parts. 
Several of the former are shown in Fig. 7 (the centrosomes of 
this figure are a little exaggerated by the artist). 

The Development of the Spermatid into the Mature Spermatozoon . 
—The most striking feature in the development of the sperma¬ 
tozoon is the duplex character of the tail. Apparently the tail 
is composed of two distinct and independent filaments, the 
apparent independence of these filaments being more marked 
in the earlier stage (Figs. 20-21). One would naturally suppose 
that one of these filaments represents the flagellum of other 
forms, but it has not been possible to demonstrate any substance 
connecting the two filaments, though the fact that even in smear 
preparations the two are never found widely separated would 
indicate that they are attached by some connecting substance. 

Historical Sketch. 

Certainly no insect has been accused of being the promoter 
of a greater variety of diseases than the louse and perhaps no 
accused has been charged with so many crimes on less evidence. 
Pedicnlus has been credited with transmitting the following 
diseases: typhus fever, typhoid fever, recurrent fever, trench 
fever, tuberculosis, spinal meningitis, plague, leprosy, beri-beri 
and more than a dozen minor skin diseases. In some of these 
cases the evidence seems to be confined to the fact that the 
patient may be infested with lice. 

For typhus fever, recurrent fever and trench fever it has been 
proved that the lice do in fact transmit these diseases, but details 
as to the method of transmission are still disputed. It is held 
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by many investigators that germs are not transmitted by the 
bite of the louse—the sole method of transmission being infection 
from their excrements. These are freely deposited on the skin 
and in the clothing of the host and subsequent scratching of the 
skin induced by the intense itching of the bites not only lacerates 
the surface but frequently causes a deep wound that leaves a scar 
lasting many months. It is self-evident that such lacerations 
over surfaces more or less infested with the excrements of the 
lice may cause a most effective inoculation. This method of 
infection by the faeces or the crushed body of the louse has been 
demonstrated for typhus fever by Nicolle (1909), Nicolle, Conte 
and Conseil (1910) and others. For recurrent fever by Sergent 
and Foley (1910), Sergent, Gillot and Foley (1911), Nicolle, 
Blaizot and Conseil (1912) and others. For trench fever, by 
R. P. Strong (1918). Familiarity with the feeding habits of the 
louse demonstrates the danger of this method of inoculation, for 
the amount of excrement discharged by each louse is surprising. 
I have frequently seen a single louse, during one hour’s feeding, 
discharge excrement ten times, and five times is not unusual. 
For more than a year I have closely studied the feeding habits 
of Pedicuius vestimenti and in my report to the research depart¬ 
ment of the Red Cross I described their behavior as follows: 
“Observations made during the feeding hour demonstrate that 
individual lice may behave very differently. As a rule they 
bite at once when young and vigorous. Some become gorged 
with blood in ten minutes and will not bite again, though most 
frequently they bite several times during the hour, moving 
around rather restlessly between times. Others bite continu¬ 
ously the entire hour, casting their excrements while biting. 
The old lice frequently do not bite for several minutes or even 
half an hour and then suck the blood very deliberately.” I am 
inclined to believe that the method of biting demonstrated for 
one hour indicates the method for the entire twenty-four hours 
and that therefore the younger lice are almost continuously 
feeding on the host, wandering about and biting very frequently. 1 
This would accord with observations made by Miss Strobell and 

1 These observations support Nuttall’s (1917) conclusions as to the probable 
feeding habits of lice. He thinks they bite very frequently, for when raising them 
on his wrist he noticed they started to bite at all times when he was quiet. 
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myself on other species of Hemiptera, Euschistus variolarius , 
E. servuSy E. ictericus , etc., etc. These insects were fed on fruit 
and could be closely observed during the twenty-four hours. 
They fed almost continuously during the night as well as during 
the day, and this leads me to surmise that the lice may feed with 
equal frequency and explains the torment that soldiers suffer 
even when infested with relatively few lice" and suggests the 
possibility of inoculation from a single louse. 

The disputed question whether simply the bite of the louse 
can inoculate the host has given rise to much discussion, some 
investigators emphatically denying that any danger is caused 
by the bite alone. Colonel Strong (1918) conducted some 
experiments with the aim to determine this point and concludes 
that “it seems fair to argue that the bite is probably a common 
mode of infection.” He states that in some instances the disease 
was produced by pure biting experiments. His summary of the 
probable methods of infection through biting is as follows: 

1. By piercing or stabbing and inoculating with mouth-parts 
contaminated with infected material such as blood from the 
patient or by louse faeces and body juices. 

2. By stabbing and inoculating from the skin which has been 
contaminated with infected material such as louse feeces, and 
possibly body juices. 

3. By stabbing and inoculating with mouth-parts which have 
been contaminated with virus grown or developed in the stabber- 
sac. 

4. By stabbing and regurgitating of the virus from the ali¬ 
mentary canal. 

5. By stabbing and the injection of the virus contained in the 
salivary juices. 

6. By hereditary infection. 

One of the difficulties in determining the value of the bite 
alone is to eliminate the faeces from the experiment. Those 
cases in which this is assumed to be done by allowing the louse 
to bite through chiffon do not appear to me to be conclusive, 
for in my experience they will not bite unless the chiffon is 
pressed upon the surface with sufficient strength to force the 
skin through the interstices of the chiffon, in which case the 
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only effect of the chiffon is to reduce the area of the skin exposed, 
and the lice wander over the exposed area distributing the feces 
as usual. 

The danger of the louse as a promoter of disease has been so 
long appreciated that he has claimed the attention of a large 
number of investigators, the French and English forming the 
majority. The work accomplished up to 1917 has been most 
ably presented by Professor Nuttall, of Cambridge. His biblio¬ 
graphical list is an index of the thoroughness of his historical 
study of the subject. He has listed nearly 600 investigators. 

A second historical sketch was published in France the same 
year (Soueges et du Noyer, 1917). These two studies are a 
convenient record of all the historical data that can be of value 
to the investigator. 

Two English investigators (Warburton, 1909, and Fantham, 
1912) were the first to study the life history of Pediculus and 
their results were supported and extended by Bacot in 1916. 
He determined the number of moults to be three, the average 
length of life of the louse, the average number of eggs deposited 
daily by a single female and other details, all of which my investi¬ 
gations support although our methods of work differed materially. 
He used an entomological box containing a number of lice and 
strapped this box on his person each night, allowing the lice to 
bite from six to seven hours daily. My lice were fed only one 
hour in the twenty-four and in such a manner that 1 could watch 
them while feeding. 

The most serious difficulty in the investigation of lice is the 
food supply. In all the accounts with which I am familiar the 
investigator has had sufficient self-abnegation to feed his lice 
on his own person, but not having reached those heights myself, 
my initial difficulty was to find a host. There seems to be some¬ 
thing extremely ridiculous in the mere suggestion of feeding a 
louse, for my most serious and generous offers received the dis¬ 
couraging response of a broad grin and an emphatic shake of the 
head. I finally succeeded in securing a host at the Asile de 
Nuit—a night employee of that institution. He was an old 
sailor whose evident familiarity with Pediculus at the Asile de 
Nuit had led him to cease to regard them in a humorous light, 
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and he proved to be a thoroughly dependable food supply. 
He never missed his daily hour in my laboratory for the five 
months I employed him. 

When feeding the lice I at first used the usual method of 
putting a number in a tube, inverting the tube on the arm and 
holding it securely in place to prevent the lice from escaping. 
I found this method unsatisfactory for several reasons and 
devised therefore quite a different technique. Lice cannot crawl 
up a glass surface if it is clean and are therefore perfectly safe 
in a glass ring even if it is only 2 cm. high. I had such rings 
made to order and fastened them securely onto the arm with 
melted paraffine. In this manner several different experiments 
can be conducted at the same time and the generations can be 
kept separate—further the lice can be conveniently studied with 
a lens during the hour they are feeding. For the remaining 
twenty-three hours they were kept in a Pasteur incubator at a 
temperature between 27 0 and 29 0 C. While in the incubator the 
lice were kept in cages such as those used in the laboratory for 
raising various insects. This cage is the tube de Borel, in which 
is placed an inner tube for the insects, this being held in the 
center by absorbent cotton which is kept wet to insure sufficient 
moisture. I found the use of absorbent cotton very inconvenient 
and replaced it with a short tube having an aperture large enough 
to contain the inner tube and open at both ends with a lip at 
each end sufficiently wide to center it in the tube de Borel. 
The inner tube in which the insects are kept is dropped into this 
shorter tube and an inch of water kept in the tube de Borel. 
I found this method a great economy of time, for it was necessary 
to pack the cotton around the inner tube with much care, since 
if the opening came in contact with the inner surface of the tube 
de Borel (often quite wet) a drop or two sometimes dripped into 
the inner tube and cost the life of one or more nymphs. 

Several years of experience in crossing and raising other 
species of Hemiptera have been my guide in raising the lice. 
Miss Strobell and I found that the species we studied required 
as much humidity as possible while avoiding any condensation 
of the moisture. This I have found true for lice—a half a drop 
of water or less can kill a nymph. If he gets on his back on the 
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glass in even a fraction of a drop of water, he cannot regain his 
feet until the water dries and if the glass is not clean he adheres 
to it and finally dies. 

After trying the usual method of keeping the lice on small 
pieces of woollen or muslin cloth it occurred to me that a large 
number of short pieces (about 8 mm.) of soft, coarse thread 
would have many advantages. First they would be much more 
sanitary for they can be changed every day if necessary without 
disturbing the lice at all. When lice are on a small piece of 
cloth, the cloth becomes filthy in a few days and it is exceedingly 
difficult to remove the lice to fresh pieces. Further the thread 
avoids all the difficulties encountered in transferring and counting 
the lice. They cling to a thread with great tenacity; therefore 
single lice can be carried on a thread any distance with perfect 
safety. They deposit their eggs on the thread and therefore the 
eggs deposited each day can be conveniently collected and iso¬ 
lated. Using these threads made it a simple matter to record the 
following life history of a single pair of lice. The pair was 
hatched from eggs deposited in the laboratory and had their 
third (final) moult August 19. They were seen mating August 
22. The next day 4 eggs were deposited and thereafter 4, 5 or 6 
were deposited daily until the female died. 


Record Fl. D. 

1918. Eggs. Hatched. 

Aug. (Mated Aug. 22) 

23 Mated. 4 

24 3 

25 5 

26 4 

27 4 

28 . 5 

29 5 

30 . 4 

31 5 

Sept. 

1 5 

2 Hatched the 10th day. 6 1 

3 5 3 

4 5 4 

5 (Mated). 5 3 

6 (Male dead—each daily deposition of eggs kept separate 

from death of male). 5 7 

*7 . 5 3 
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*9 l8 - Eggs. 

Sept. (Mated Aug. 22) 

8 . 6 

9 . 5 

™ .-. 5 

11 6 

12 5 

13 5 

14 5 

15 Female dead. 1 

113 

16 . 

( 5 hatched from eggs deposited.9-7 1 

7 l 1 “ “ “ “ . 9-8 j 

lg f 3 hatched from eggs deposited.9-8 ) 

I 1 “ “ “ “ . 9-9 J 

( 2 hatched from eggs deposited.9-8 

x 9 3 .. . 9-9 

I I “ “ “ “ . 9 -io 

1 1 hatched (the last) of eggs deposited.9-9 

3 “ from eggs deposited.9-10 

1 “ “ “ “ .9-11 

2 “ “ “ “ .9-12 

1 1 hatched (the last) of eggs deposited.9-10 ) 

5 “ (the last) “ “ “ .9-i 1 l 

2 “ from eggs deposited.9-12 | 

( 2 hatched (the last) of eggs deposited.9-13 

22 s 2 “ from eggs deposited.9-14 

U “ “ “ 44 .9-15 

23 3 hatched (the last) of eggs deposited.9-14 

The last egg deposited 9-12 not hatched, nymph partly 
emerged but dead. 


Hatched. 

5 

5 

5 

4 

5 

6 

4 

5 

5 

6 

4 

6 


7 


11 


5 

3 


Summary. 

If we omit the one egg deposited the day the female died the 
daily average for the remaining 112 eggs is 4.9. 1 

113 eggs were deposited from August 23 to September 15 and 
all of these developed to the nymph stage, though six failed to 
completely emerge from the egg. 

The above record shows that the male died September 6 and 
the female died September 15. From September 6 each daily 
deposition of eggs was isolated to determine how long the eggs 
were fertilized after the last mating (September 5). The record 
shows that all the eggs developed and that all hatched but one. 

1 Bacot found the daily average to be 5.1 and Nuttall’s experiments demon¬ 
strated that under natural conditions, i.e., when the lice lived continuously on 
the host, the daily average increased to 9-7« 
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As the female had her third moult between the 18th and 
19th of August, she lived only 28 days after maturity, less than 
the average length of life for a female; but other females in the 
laboratory kept under the same conditions lived 42 days, 40 days, 
39 days, etc. Bacot found the average length of life of a female 
to be 34 days. If my lice are a little below this average I think 
it is probably due to the difference in feeding—he fed his lice 
six or seven hours daily and mine were fed only one hour daily. 

According to my experience, the longer a race is bred in the 
laboratory the less prolific they become and the death rate is 
much higher. I believe this is due entirely to an abnormal lack 
of nourishment. Feeding only one hour in twenty-four is 
certainly very abnormal for these insects. 

One cannot study the record of the large amount of experi¬ 
mental work done on the louse without being impressed with the 
need of feeding these insects apart from the human host before 
certain problems now in dispute can be solved. My efforts have 
been largely given to this well high hopeless task which is my 
apology for a very superficial study of the spermatogenesis. 
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EXPLANATION OF PLATES. 

All the sketches were drawn at a magnification of about 750. Zeiss horn, immer. 
2 mm. 140—apo. oc. IV camera lucida. 

T echnique. 

Smear preparations stained with May-Griimvald followedjby Hollande. 

These stains were used in accordance with the method published by Dr. Langeron 
(1916) and I am greatly indebted to him for many valuable suggestions and en¬ 
couraging interest in my work. 
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PLATE I. 

Figs, i, 2, 3, 4. First spermatocyte rest stages, each showing a distinct centro- 
some in varying proximity to the nucleus. No cell membranes are differentiated. 

Fig. 5. First spermatocyte nucleus showing a single nucleolus and the chroma¬ 
tin segregating to form the chromosomes. 

Fig. 6 . Two first spermatocyte nuclei with granular chromatin segregating to 
form the chromosomes. The nucleolus has disappeared. 

Fig. 7. Numerous first spermatocyte nuclei showing successive stages of the 
differentiation of the chromatin. In the earlier stages the chromatin is apparently 
homogeneous and later it is granular and segregating into definite masses to form 
the chromosomes. A few centrosomes are differentiated. 

Fig. 8. Numerous first spermatocyte nuclei showing later stages than those 
of Fig. 7. In many of the nuclei the chromatin has segregated into 5 distinct 
masses foreshadowing the 5 bivalent chromosomes of the first spermatocyte meta¬ 
phase. 

Fig. 9. First spermatocyte nuclei about the same stage of development as 
those of Fig. 7. 

Figs. 10, 11, 12 and 13. Each figure shows the 5 bivalent chromosomes of the 
first metaphase. In each figure one or more of the chromosomes is a dyad, fore¬ 
shadowing the first division. An unequal bivalent, which is typical of so many 
Hemiptera, is clearly shown in each group. 

Fig. 13. All the chromosomes of this first metaphase group are dyads, fore¬ 
shadowing the division of each. The large and small chromosomes of the unequal 
bivalent are detached and each is a dyad. This indicates that each will divide in 
the first division and that therefore the resulting halves will undoubtedly separate 
in the second division in the manner typical of so many Hemiptera. 

Fig. 14. Late anaphase of the second division. The chromosomes are too 
small and too closely segregated to determine their number and form. 

Fig. 15. Three telophases of the second division. Each shows an unequal 
division of the chromatin, this being the sole evidence, at this stage, of the separa¬ 
tion of the large and small moieties of the unequal bivalent. 

Fig. 16. On the left a photomicrograph of a small group of chromosome-like 
structures from an immature ovary. From these the yolk-spheres are developed. 
X 450. On the right a sketch of a group of chromosomes from an embryo in an 
egg at the basal end of the ovary. 

Figs. 17, 18. Two germinal vesicles from young ovarian eggs. In Fig. 17 the 
chromatin has partly segregated into threads, and a single nucleolus is present. 
Fig. 18 shows numerous small dense nucleoli, and the separate chromatin threads 
suggest a progressive step in the forming of the chromosomes though their abnormal 
number may be due in part to the technique. 


BIOLOGICAL BULLETIN, VOL. XXXV I. 


PLATE I. 



KATHARINE FOOT. 







































































384 


KATHARINE FOOT. 


EXPLANATION OF PLATE II. 

Fig. 19. Numerous heads of spermatids shortly after the second division. 
They are at first round, as demonstrated in the figure, and, as a rule, elongate 
before the appearance of the tail. In the elongated heads of this figure the middle- 
piece (?) is in evidence and from this point the tail develops. 

Figs. 20 to 27. Successive stages of the development of the spermatid into 
the mature spermatozoon. In Figs. 20 and 21 the middlepiece is demonstrated, 
the tail developing from this point. In Figs. 22 and 24 both the middlepiece and 
the acrosome (?) are demonstrated, the spine developing from the latter. Fig. 25 
shows an early stage of the development of the spine. Figs. 26 and 27 demonstrate 
the mature spermatozoon in which the head and spine are fully developed. At this 
stage the middlepiece and acrosome are obscure. 
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DETERMINATION OF THE SEX OF THE OFFSPRING 
FROM A SINGLE PAIR OF PEDICULUS 
VEST IM ENT I. 


KATHARINE FOOT. 

Nuttall (1917) gives a summary of the data as to the propor¬ 
tion of the sexes in Pediculus vestimenti. He says “the propor¬ 
tion of the sexes as determined by raising experiments has 
yielded contradictory results,” and this he thinks is due to the 
small number of the broods of the experiments. In his own 
experiments of mixed pairs he found the sexes nearly equal, 
though his broods also were small. 

Hindle (1917) discovered a marked inequality in the pro¬ 
portion of the sexes of certain pairs, and he, concludes this to be 
the normal condition, basing this conclusion on the determina¬ 
tion of the sex of 25 single pairs. 

It has been proved by the observations of several investigators 
that a single female may deposit from one hundred to nearly two 
hundred eggs. It is obvious, therefore, that the sex must be 
determined for at least one hundred of a generation or the results 
are inconclusive. Certainly at least 75 per cent, of the eggs 
deposited must hatch and the sex be determined for these nymphs. 

Hindle secured such a small number of individuals from each 
of his 25 pairs that Nuttall seems more than justified in ques¬ 
tioning his conclusions. The number of individuals in each of 
the 25 broods studied by Hindle is as follows: 2, 4,‘6, 9, 8, 10, 
11, 12, 15, 17, 24, 25, 26, 26, 27, 29, 30, 31, 32, 34, 36, 38, 45, 
48, 64. Fifteen of these 25 broods were all males or all females, 
e.g.j the brood of two were both females, the brood of four were 
also females, one of the broods of nine were males and the other 
brood of nine were both males and females. The brood of sixty- 
four were all females but as they probably do not represent more 
than 50 per cent, of the offspring from that pair, the evidence, 
even in this case, is without force. 
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Methods and Results. 

In order to determine the sex of as large a number of the 
offspring as possible I adopted a different method from that of 
other investigators. Instead of waiting for the nymphs to 
mature in order to determine the sex, they were dissected at any 
stage that was convenient and those that died were not dis¬ 
carded but dissected at once and the sex recorded. It was thus 
possible to determine the sex of nearly all that were hatched. 

Our method of treating these insects makes it possible to col¬ 
lect and isolate the eggs deposited each day, thus keeping an 
accurate count of the number of eggs deposited daily and the 
number hatched. 

Both the male and the female had the third moult in the 
laboratory, the female July 22, 1919, and the male July 24. 

The male died August 26; he lived therefore 33 days after 
maturity, thus exceeding the average length of life of P. vesli- 
menti males. The female died September 5. She lived there¬ 
fore 45 days after maturity, eleven days longer than the average 
length of life of the females. She continued to deposit eggs 
daily after the death of the male. She deposited in all 143 eggs 
(116 before the death of the male and 27 after that date). She 
commenced to lay eggs the 4th day after maturity and stopped 
laying 2 days before she died. She deposited 2, 3, 4 or 5 eggs 
each day. Of the 116 eggs laid before the male died, 11 failed 
to hatch, but nearly all developed and three of the nymphs partly 
emerged. Of the 27 eggs laid after the male died, seven failed 
to hatch, but alt were fertilized and four of the nymphs partly 
emerged. 

The nymphs were raised in lots of 20, and the death rate was 
relatively low in lots 1,2,3 and 4. The death rate in lots 5 and 6 
was much higher. Several of the nymphs died even before the 
first moult. In some of these cases the nymphs were too dry to 
dissect, and therefore the sex was undetermined. This higher 
death rate was probably due to the age of the female, as the 
death rate was progressively high towards the end of the experi¬ 
ment. 

125 eggs were hatched and the sex was determined for 115 
(62 males and 53 females). 42 died during the experiment and 
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these were dissected as stated above and their sex determined. 
Of these 27 were males and 15 females. 

For the first half of the experiment the females were more 
numerous than the males; the proportion of males then gradually 
increased until the final result gave 62 males and 53 females. 

These results are of value only because the sex was determined 
for 92 per cent, of the entire generation, but the experiment must 
be repeated many times before the evidence can be of scientific 
value. 


PHYSIOLOGICAL STUDIES ON PLANARIA. 


III. OXYGEN CONSUMPTION IN RELATION 
TO AGE (SIZE) DIFFERENCES. 

L. H. HYMAN, 

Hull Zoological Laboratory, University of Chicaco. 

I. Review of Literature. 

The present paper is a report of some determinations of the 
rate of oxygen consumption of small (young) as compared with 
large (old) planarians belonging to three different species. That 
the metabolic and other activities of small individuals are more 
rapid than those of large individuals of the same and different 
species is so well known from a number of independent investi¬ 
gations that further evidence appears almost superfluous. The 
majority of these investigations, however, deal with vertebrates, 
where a certain difficulty inherent in the nature of the material 
is encountered. This difficulty centers about the impossibility 
of finding a proper unit for comparison of animals of different 
sizes. Among the warm-blooded vertebrates, the metabolic 
rate has commonly been reckoned per unit of surface area on the 
necessity of taking into account loss of heat by radiation. But 
leaving out of consideration the difficulties of accurately measur¬ 
ing the surface, over which proceeding a controversy of long 
standing exists, the surface method of comparison is more or 
less meaningless in the case of cold-blooded animals. Nor is the 
method of comparison of metabolic rate per unit weight free 
from objection. A considerable part of the weight of the verte¬ 
brates and the higher invertebrates consists of skeletal material, 
connective tissue, fat, etc. The metabolic rate of such material 
must be relatively low, and further its proportion to the total 
weight must be different in animals of different sizes; neverthe¬ 
less, these factors have not been considered in any of the re¬ 
searches on the subject, nor, as far as I am aware, has anyone 
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attempted to make a correction for these inert portions of the 
body. 

As Benedict and Talbot (’14) concluded after a study of the 
metabolism of infants, metabolism cannot be accurately meas¬ 
ured either by weight or by surface, but only by the amount of 
active protoplasm. It is probably impossible to determine 
this but certainly in the soft-bodied lower invertebrates, weight 
is a more accurate index of the amount of active protoplasm 
than is the case in higher forms, where skeleton is present. For 
this reason, the metabolism of the lower forms deserves more 
attention than it has hitherto received from physiologists. 

Among the early investigators of the effect of size differences 
on metabolic rate were Jolyet and Regnard ('77), who determined 
the rate of oxygen consumption per unit weight of a large number 
of fish, and some of the higher invertebrates. They found that 
among related groups small species consume more oxygen per 
unit weight per unit time than large species; and small indi¬ 
viduals more than large individuals of the same species. Vernon 
C95) confirmed this conclusion. He measured the rate of oxygen 
consumption per unit weight of large and small individuals of 
the same species, using as material a hydrozoan medusa, a 
scyphozoan medusa, two ctenophores, two gasteropods, and two 
pelagic tunicates. With a few exceptions the smaller individuals 
were found to consume relatively more oxygen than the large 
ones. Bounhiol (’02) working with twelve species of polychaete 
annelids, belonging to several different families, found that the 
carbon dioxide production was greater the smaller the indi¬ 
vidual. This was true for individuals of the same and of different 
species. On the other hand, Montuori (’13) was unable to come 
to any definite conclusion from his measurements of the oxygen 
consumption of a large number of species belonging to most of 
the aquatic groups. In some cases the small individuals respired 
relatively faster than large ones of the same species; in others 
the reverse was found; and in still others there was no relation 
between size and rate of respiration. The great irregularity of 
Montuori’s results, as well as their disagreement with the work 
of others, suggests that he failed to control adequately the con¬ 
ditions under which the experiments were performed. Child 
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C19) found that small individuals of Plan aria dorotocephcila 
produce more carbon dioxide per unit weight than large ones, 
and this experiment is now regularly performed as a class experi¬ 
ment. Allen (T9) has shown that the rate of oxygen consump¬ 
tion of Planaria agilis per unit weight is greater the smaller the 
animals, and reports that Miss Wolf working in the same labora¬ 
tory found the same to be true for the leech, crayfish, branchipus, 
may-fly nymph, and stone-fly nymph. It is also the case with 
dragon-fly nymphs, as shown by Mr. G. C. Hawk in this labora¬ 
tory. According to Morgulis (’15), the oxygen consumed per 
gram per hour by flounders is in general greater for small than 
for large animals. Tashiro and Adams (’14) note that the 
carbon-dioxide production of the ganglionic cord of the heart of 
Limulus is relatively greater in small than in large cords. Nico¬ 
las (T8) found that the young leaves and stems of plants give off 
from 3§ to 7 times as much carbon-dioxide per gram per hour 
as old leaves and stems from the same branch. 

A considerable amount of labor has been devoted to this 
problem in the case of mammals, especially man. Rubner 
originally maintained that warm-blooded animals of different 
sizes produce the same amount of heat per unit surface, but 
subsequent investigations have shown that this point of view 
is erroneous. Thus Magnus-Levy and Falk (’99) clearly showed 
that the oxygen consumption and carbon-dioxide production is 
highest in children and decreases with age, as measured either 
per unit weight or per unit surface. If individuals of the same 
size and weight but of different ages are compared, the younger 
ones respire the faster. The authors conclude that the proto¬ 
plasm of children has a definitely higher rate of respiration per 
unit weight than that of mature individuals. References to 
other work supporting these conclusions will be found in their 
paper. Recently Du Bois (T6) and Gephart and Du Bois (T6) 
have verified this earlier work. The graphs and tables pre¬ 
sented by Du Bois show that the heat production as measured 
per kilogram of weight is highest in infants and decreases grad¬ 
ually; as measured per unit of surface, it is low in infants, 
increases rapidly during the first year, reaches a maximum 
between the ages of 1 and 6, falls rapidly to 20, and thereafter 
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decreases more slowly. According to Benedict and Talbot (T4, 
’15), the metabolism of infants is about the same as that of 
adults, but the results were very variable. It seems highly 
probable that the metabolism of infants cannot properly be 
compared with that at other ages because: (1), the heat-regu¬ 
lating mechanisms of infants are known to be very imperfect; 
(2), infants commonly have relatively more fat than is present 
in normal individuals of other ages; and (3), the muscle tone of 
the voluntary muscles of infants must be lower than it is at 
other ages. Since a large part of the heat production of mam¬ 
mals originates in the voluntary muscles, this difference in 
muscle tone alone makes impossible any real comparison of the 
metabolism of infants with that of later stages of ontogeny when 
the muscles are in full use. 

A few researches have been carried out on mammals other 
than man. Thus Slowtzoff (’03) working on dogs found that 
the oxygen consumption and carbon dioxide production per 
kilogram per minute is greater in small than in large individuals. 
A. V. and A. M. Hill (’13) determined the same relation in rats. 
Among birds, Bohr and Hasselbalch (’oo) observed that the 
carbon dioxide production per kilogram per hour is considerably 
higher in newly hatched chicks than in the adult hen. 

These researches are sufficiently numerous to establish the 
generalization that smaller (younger) individuals have a higher 
metabolic rate than larger (older) ones. The investigations on 
man clearly show that the difference is due to age and not to 
size. Age is also probably the determining factor in the meta¬ 
bolic difference found between large and small species, since, in 
general, species which grow to a large size must be older by the 
time they have attained that size than are adult individuals of 
small species. 

How far back in the ontogeny can this generalization be 
carried? At what point in the ontogeny does the metabolic 
rate attain its highest value? Few researches have been carried 
out upon these points. The eggs of animals are probably cells 
of very low metabolic rate. After fertilization, the metabolic 
rate gradually rises, as development proceeds, up to a certain 
point and then falls. In the sea-urchin egg (Arbacia punttulata), 
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the oxygen consumption was found to rise continuously up 
through late cleavage (determinations stopped at this point); 
and in the eggs of Fund ulus heteroclitus , up to the time when the 
embryonic axis is established after which it fell, rising again 
later apparently as the result of functional activity (unpublished 
personal observations). Unfortunately in these cases, nothing 
is known of the metabolic rate of the adult. Hasselbalch (’oo) 
and Bohr and Hasselbalch (’oo) have measured the rate of 
carbon dioxide production and oxygen consumption per kilo¬ 
gram in chick embryos. Both were found to be very high in 
the earliest stages determined—five or six days,—much higher 
than those of the adult; the rates then fell rapidly. The carbon 
dioxide output fell to the ninth day, after which it was about 
con tan t, and about equal to that of the adult. The oxygen 
consumption fell to the eleventh day, then rose again, and on the 
sixteenth day was again considerably higher than that of the 
adult. Bohr (’oo) compared the carbon-dioxide output of 
guinea-pig embryos with that of the mother. He did this by 
cutting open the uterus under anaesthesia, determining the 
carbon-dioxide output of the mother and foetuses, then clamping 
the umbilical cords of the foetuses, and again measuring the 
C 0 2 output of the mother. The difference between the two 
measurements supposedly represents the carbon-dioxide pro¬ 
duction due to the embryos. Of the six experiments of this kind 
performed by Bohr, five showed the carbon-dioxide production of 
the foetuses to be greater than that of the mother. The case 
where the youngest embryos (5.5 grs. each) were encountered 
gave a carbon-dioxide output very much higher than that of 
the mother; the next size (16.5 grs. each) gave less CO2, but 
still at a rate considerably higher than that of the mother; 
while in the other four cases, with large foetuses, the CO2 pro¬ 
duction was slightly higher than that of the mother in three, 
lower in one. 1 

1 I wish to state that the conclusions which I have drawn after careful perusal 
of the papers of Bohr and Hasselbalch are somewhat different from those stated 
by the authors. They conclude, curiously enough, that the respiratory rate of 
the embryos of the hen and guinea pig is no higher than that of the adult, and 
anyone reading their conclusion alone would certainly be misled. The authors have 
either overlooked or ignored the fact, which their experimental data clearly show, 
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These researches indicate that the rate of respiratory exchange 
is very high at some certain stage in the embryonic development, 
this stage probably differing in different animals, and falls 
subsequently. Later it probably rises with increased functional 
activity. It certainly seems to me that the metabolic rate of 
embryos, especially vertebrate embryos, cannot vaildlv be 
compared with that of post-embryonic stages, owing to the 
enormous differences in functional activity which exist between 
two such stages. The comparison of the metabolic rate of a 
chick embryo with an adult hen seems to me a simple absurdity 
when one reflects upon the difference in muscle tension alone at 
the two stages. The fact that the total metabolic rate of chick 
embryos was at no stage found to be less than that of the hen, 
certainly indicates that if cells of the same degree of functional 
activity could be compared in embryo and adult, the metabolic 
rate of the embryonic cells would be vastly the greater. The 
same criticism applies to cases where the young remain more or 
less helpless after birth or hatching. 

In addition to these researches in which direct measurement of 
the rate of oxygen consumption or carbon dioxide output of 
young and old animals have been made, a considerable mass of 
data is available in which another method was employed. This 
is the direct susceptibility method extensively used in this 
laboratory by Child and others; it consists in observing the 
time of death of organisms in lethal solutions of various sub¬ 
stances. We have brought forward a large amount of evidence 1 
to indicate that the time of death in such solutions is an index 
of metabolic rate, individuals of higher metabolic rate dying 
first. When individuals of different ages are compared by this 
method, it is invariably found that the time of death is shorter 
the younger the individual, always providing that the same degree 
of functional activity is present in the animals which are being 

that the rate of respiratory exchange in the youngest embryos with which they 
dealt very greatly exceeds that of the adult. It is only at certain later stages that 
the rates of the two are approximately equal. The authors seem to have an idea 
that the rate of respiratory exchange ought to be the same throughout develop¬ 
ment, whereas their own and other data show that it is high in early stages and 
declines as development proceeds. This decline is probably of the same nature 
as that which organisms undergo from birth to maturity. 

1 A general resume of this evidence will be found in Child, ’13. 
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compared. This age difference in susceptibility to toxic solu¬ 
tions has been observed in Paramecium , three species of Hydra , 
a number of colonial hydroids and hydromedusae, several species 
of planarians, and several small aquatic oligochaetes; and the 
rise in metabolic rate which is a feature of early development has 
also been demonstrated by this method. 

Not only does the rate of respiratory exchange in organisms 
vary inversely with age but many physiological activities exhibit 
the same relation. Bert (’70) was among the first to observe 
this fact. He noted that the rate of respiratory movements is 
faster in small than in large individuals of the same and related 
species. Ducceschi (’03) studied the rate of movement of the 
fins, tail, fin membrane, and operculum of a large number of fish 
of different sizes; the rate of movement of the maxillipeds, 
abdominal appendages, and claws of several Crustacea; and of the 
fins and mantle of some cephalopods; and found that it varies 
inversely as the size of the animal. Mayer (’06) and Child 
(T8) observed that the rate of contraction of the bells of medusae 
is faster the smaller the animal. The number of respiratory 
movements per minute of Octopus is greater the smaller the 
individual (Polimanti, T3). In four species of sea-cucumber, 
Crozier (T6) observed that the pulsation of the cloaca is more 
rapid the smaller the animal. Hecht (T6, TS) noted that 
small Ascidia pass relatively more water through their siphons 
than large ones; and further that the rate of the heart beat in 
Ascidia varies inversely as the size of the animal. In man, of 
course, it is well known that the rate of the heart beat is fastest 
in the foetus and decreases progressively with age. The rate of 
growth follows a similar law. 

The results of the present experiments are in full accord with 
those of previous investigators. Small (young) planarians 
whether asexually or sexually produced, consume more oxygen 
per unit weight per unit time than large (old) ones. 

II. Experiments with Planaria dorotocephala. 

Plan aria dorotocephala lives in spring-fed marshes in morainic 
regions near Chicago. It has never been found sexually mature 
in nature (although sexual maturity has been experimentally 
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induced by Dr. Child in this laboratory), but maintains itself 
by means of asexual fission. In fission, the posterior portion 
of the body pulls away from the anterior end, regenerates a head 
and becomes a complete small worm. Such small worms cor¬ 
respond in all tests which have been made upon them, to young 
worms in species reproducing sexually. 

Six experiments were performed in which the rate of oxygen 
consumption of such small worms, under io mm. in length, was 
compared with that of large worms, over 20 mm. in length. In 
all cases, both large and small individuals were taken from the 
same stock and had been kept under the same conditions previous 
to the experiment. No worms showing signs of recent fission 
or regeneration were used. The heads were cut off the day 
before the test was made in order to eliminate movement. Two 
successive determinations of the oxygen consumption of each 
lot of worms were usually made, the worms were then weighed, 
and the oxygen consumption per two hours per 0.5 grams weight 
then calculated. 

The method of determining the rate of oxygen consumption 
and the method of weighing have been described in previous 
* papers (Hyman, ’19a, T95). 

The results of the six experiments are given in Table I. In all 
cases the smaller worms consume more oxygen per unit weight 
per unit time than the larger ones. The per cent, difference 
ranges from 18 to 55, and closer inspection of the table reveals 
that the amount of difference is correlated with the length of 
time which has elapsed since the last feeding. In experiment 4, 
where the small worms respire but 18 per cent, more than the 
large ones, only two days had elapsed since feeding, while in the 
other experiments, where three or four days had passed since 
feeding, the difference is greater. As shown in a preceding paper 
(Hyman, ’19ft), feeding greatly increases the rate of oxygen 
consumption by stimulating the digestive tract. Since the 
digestive tract is more extensive in large than in small individuals, 
the difference between such individuals is decreased by feeding. 
As I did not perform any experiments with worms deprived of 
food for longer than four days, I do not know whether further 
starvation would increase the difference between small and large 
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Table I. 


Comparison of the Rate of Oxygen Consumption of Large (oyer 20 Mm.) 
and Small (under 10 Mm.) Individuals of Planaria dorotocephala. 


-— i rr- 

C.c. Oxygen 

Weight in 
Grams. 

Oxygen Con¬ 

Per Cent. 

Size of Worm. 

Consumed in 

sumed by 0.5 

Difference. 


2 Hours. 

Grs. in 2 Hours. 


Exp. 1. Worms Collected March 12 , Last Fed April 2, Tested April 3. 
Temp. :°o° C. 


Large. 

0.18 

0.316 

0.30 


0.20 



Small. 

0.24 

0.325 

0.40 


0.29 




Exp. 2. Worms Collected March 12, Last Fed March 14, Tested March 17. 
Temp. 22 0 C. 


Large. 

0.12 

0.187 

0.30 


0.11 



Small. 

0.23 

0.255 

o .39 


0.17 

1 



Exp. 3. Worms Collected Early Winter, Last Fed April 23, Tested April 26. 

Temp. 21 0 C. 


Large. 

0.09 

0.179 

0.23 



0.08 




Small. 

0.14 

0.216 

0.31 

48 

1 

0.13 





Exp. 4. Worms Collected March 12, Last Fed April 30, Tested May 2. 
Temp. 21 0 C. 


Large. 

Small. 

0.16 

0.17 

0.22 

0.24 

0.160 

0.192 

0.51 

0-59 

18 

Exp. 5. Worms from Mixed Stock, Last Fed May 6, Tested May 10. 

Temp. 21 0 C. 

Large. 

0.13 

0.12 

0.146 

0.42 


Small. 

0.17 

0.15 

0.123 

0.65 

55 


Exp. 6. Worms Collected May 28, Last Fed June 6 , Tested June 10. 
Temp. 22 0 C. 


Large. 

o .33 

0.370 

0.22 


Small. 

o .33 

0.272 

0.31 

4 i 


worms, but it is scarcely likely since the effect of feeding has 
almost completely disappeared in four days. In Allen’s experi¬ 
ments (Allen, ’19) with Planaria agilis, worms starved 27 days 
were used; and in that case the difference between the largest 
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and smallest worms was about 40 per cent. (Table I., decapitated 
worms). 


III. Experiments with Planaria velata. 

Planaria velata lives in the Chicago region in temporary ponds, 
usually those that are passing into prairie, known to ecologists as 
“prairie ponds/’ Like the preceding species it is never found 
sexually mature, and reproduces exclusively by a peculiar asexual 
method. After the worms have attained a certain size, pieces 
drop off from the posterior end, surround themselves with 
mucus, and pass into an encysted condition. This process con¬ 
tinues until the entire worm has formed a series of cysts. Within 
the cysts, the pieces undergo regeneration into complete worms 
of very small size, and these emerge from the cysts in about four 
weeks. This cycle is repeated as long as the ponds contain 
water; after the water dries up, the cysts remain quiescent until 
the following spring. 

Table II. 

Comparison of the Rate of Oxygen Consumption of Large and Small Indi¬ 
viduals of Planaria velata. 



C.c. Oxygen Con- j 
sumed in 2 Hours, j 

Weight in Grams. 

Oxygen Consumed 
by 0.5 Grs. in 

2 Hours. 

Three Lots of Worms 10-12 mm. Long , before Encystment; Collected March 7 , Last 
Fed March 10 , Tested 13 . Temp. 22 0 C. 

Lot C. 

1 

| 

O.42 

O.52 

0.745 

O.31 

Lot D . 1 

J 

O.5S 

O.52 

O.774 

0.35 

Lot E . 

0.41 

0.593 

0-34 

Three Lots of Worms less than 4 mm. Long, Emerged during May from Cysts Formed 
by Above Lots of Worms; Fed Several Times after Emergence; Last 

Feeding June 6, Tested June 9. Temp. 22 0 C . 

Lot C. 

0.16 

O.16 

O.125 

O.64 

Lot D . 

O.16 

O.16 

O.127 

O.63 

Lot E . 

O.IO 

0.09 

O.070 

O.67 


Owing to the nature of the lifecycle of this animal, it was not 
possible to test the large and small worms simultaneously but the 
large worms were tested before encystment, the small ones after 
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emerging from the cysts. Three lots of each size were used. 
The worms were all taken from the same stock. The results are 
given in Table II. The heads were not removed in these cases, 
since the worms were also used for another experiment. 

The table shows that the small worms consume ioo per cent, 
more oxygen than the large worms. The greater difference in 
this case than with the preceding species is probably due to the 
greater reorganization involved in the production of young 
worms with this species. As shown in another paper (Hyman, 
’19c), the process of regeneration of itself brings about a great 
increase in the rate of oxygen consumption. 

IV. Experiments with Planaria maculata . 

The so-called species Planaria maculata lives in the eastern 
United States under stones in ponds and in the Chicago region 
on submersed vegetation. It is highly probable that these two 
are not the same species as Planaria maculata from the Chicago 
region has never been found sexually mature, while that from 
Massachusetts is sexually mature and lays capsules all summer 
long; further the behavior of the two in regeneration is quite 
distinct. The forms used in this experiment were collected 
from a pond at Falmouth, Mass., and the experiments were per¬ 
formed at the Marine Biological Laboratory, Woods Hole, Mass., 
I am indebted to the director, Professor F. R. Lillie, for a research 
room in this laboratory. 

Sexually mature worms, young worms, and egg capsules were 
collected at Falmouth and brought to Woods Hole. The rate 
.of oxygen consumption of the mature worms was tested with one 
exception soon after they were collected. The young worms 
collected, together with those which subsequently emerged from 
the capsules, were kept for some time and fed at short intervals 
on liver (mostly fish liver) until a considerable number of them 
were at hand, whereupon their rate of oxygen consumption was 
determined. In all cases the heads were removed at least several 
hours before the test. 

The results are recorded in Table III. The young worms 
consume about 50 per cent, more oxygen than the sexually 
mature individuals. 


AGE DIFFERENCES IN METABOLISM OF PLANARIA. 399 


Table III. 


Comparison of the Rate of Oxygen Consumption of Sexually Mature 


Individuals (15 Mm. 

or Longer) with the Sexually 

Produced 

Young (5 Mm. or Less) of 

Planaria maculata. 

No. of Lot. 

C.c. Oxygen Con¬ 
sumed in Test. 

Weight in Grams. 

Oxygen Consumed, 
by 0.5 Grams in 



2 Hours. 

Four Lots of Sexually Mature Individuals, Collected July 10; 

First Three Lots 

Tested July 11; Fourth Lot Kept Until August 11, with Frequent Feedings, 

Last Feeding August 8, Tested August 11. Temp. 20° C. 

Lot 1 . 

0.30 ill 2 
0.31 hours 

O.700 

0.21 

Lot 2 . 

0.32 

O.677 

0.23 


0.32 



Lot 3 . 

0.30 

0.680 

0.20 


0.26 



Lot 4 . 

0.09 

O.152 

0.17 


0.07 




Three Lots of Sexually Produced Young; Young and Capsules Collected July 10 
Fed at Frequent Intervals; Last Feeding of Lots 1 and 2, July 28, Tested July 
31; Lot 3, Last Feeding August 8, Tested August ji. Temp. 20° C. 


Loti . 0.14 in 3 0.101 I 0.32 

0.12 hours 

Lot 2 . 0.11 0.091 0.32 

0.11 

Lot 3 . 0.16 0.117 0.28 

0.18 


V. Conclusions. 

These experiments show that small or young planarians con¬ 
sume oxygen at a faster rate per unit weight than larger or older 
ones. As already stated, the carbon dioxide production is also 
inversely proportional to the size of the worms. It is true that 
experiments of this kind do not and cannot prove that the proto¬ 
plasm of young animals actually has an intrinsically higher 
metabolic rate than that of older ones, for the reason that it is 
impossible to discover what part of the weight of an animal is 
active protoplasm and what part inert material. Nevertheless 
there cannot be any reasonable doubt that the metabolic rate 
Js inversely proportional to age. It would be difficult to suggest 
any other explanation for many of the facts cited in this paper, 
namely, for the faster rate of respiration, faster heart beat, and 
more rapid rate of other physiological activities of young as 
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compared with older organisms. The fact further that the 
susceptibility of young animals to a number of toxic substances 
is greater than that of old could scarcely be supposed to be due 
to a greater percentage of inert materials in the older individuals, 

An interesting point biought out in these experiments is that 

the difference between the asexual and the sexual young and 

their respective adults is of about the same magnitude, when 

considered the same length of time after feeding. Worms 

produced by fission are therefore as truly “young” as those 

* 

which develop from the egg. 

In previous papers of this series (Hyman, ’19^, ’ipr), it was 
shown that planarians which have been starved seven or eight 
weeks and pieces of planaria which have undergone regeneration 
have a much higher rate of oxygen consumption than ordinary 
fed worms, all tests being made, of course, a few days after 
feeding. Starved, regenerated and young worms therefore have 
this physiological characteristic in common: their metabolic 
rate is higher than that of large fed worms. That of starved 
ones is highest, regenerated ones next, and young, when produced 
from the egg or simple fission, least. It therefore appears that 
the metabolic rate of reduced forms depends primarily upon the 
amount of reorganization involved in their production, and is 
proportional to the degree of reorganization which has taken 
place. As a further illustration of this may be cited the much 
higher metabolic rate of the asexual young of Planaria velata 
than those of P. dorotocephala , presumably because much more 
extensive changes are involved in giving rise to the former. 
The evidence presented in these papers clearly supports the 
view which has been long maintained by Child—that such 
reorganizations due to whatever cause are rejuvenating trans¬ 
formations, restoring the organism to a physiological condition 
resembling that of the young. 

V. Summary. 

1. The young of Planaria dorotocephala produced by simple 
fission were found to consume 15 to 55 per cent, more oxygen 
than large worms, the difference depending upon the length of 
time which had elapsed between the last feeding and the time 
of testing. 
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2. The young of Planaria velata, produced by an asexual 
process involving regeneration and a high degree of reorganization 
of the body, consume about 100 per cent, more oxygen than the 
worms from which they come. The greater difference in this 
species is undoubtedly associated with the method by which the 
young are produced. 

3. The sexually produced young of Planaria maculata consume 
about 50 per cent, more oxygen than the sexually mature worms. 
There is thus no significant difference between sexual and asexual 
young, when the latter arise by ordinary simple fission. 

4. This result, that young worms have a higher metabolic 
rate than old ones, is in accord with a considerable body of 
literature on other forms leading to the same conclusion; and 
confirms the work previously done in this laboratory upon this 
same point by other methods. 
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ON THE ACTION OF CERTAIN SUBSTANCES ON 
OXYGEN CONSUMPTION. 


III. ACTION OF POTASSIUM CYANIDE ON SOME 
CCELENTERATES AND ANNELIDS. 

L. H. HYMAN. 

Hull Zoological Laboratory, University of Chicago. 

In this paper are presented some further data concerning the 
effect of potassium cyanide on the rate of oxygen consumption of 
animals. In view of the importance of this substance as a 
reagent in physiological experiments, and since tests of this kind 
have been made upon comparatively few animals, it has seemed 
worth while to obtain data upon some representatives of groups 
in which the action of cyanide has not yet been determined. 
No experiments have, to my knowledge, been performed upon 
annelids, and only one ccelenterate has been tested, namely 
Gonionemus , in which form Loeb *and Wasteneys (’13) showed 
that potassium cyanide decreases the oxygen consumption to a 
considerably greater extent than does ethyl urethane, although 
both produce the same degree of anaesthesia. 

The literature dealing with the chemical, physiological and 
pharmacological properties of the cyanides and related substances 
has been extensively reviewed in the second paper of this series 
(Hyman, T9), and will therefore not be restated here. Briefly, 
it may be said that this group of substances has been shown to 
depress many physiological processes; and to decrease the rate 
of oxygen consumption or carbon dioxide output or both of the 
following living materials: yeast, a mould Aspergillus , a sponge 
Suberites , Gonionemus , Planaria , a beetle Passalus cornutus , 
embryos of Fundulus, several mammals, sea-urchin eggs, red 
blood corpuscles of geese, isolated mammalian kidneys, the 
frog’s heart, minced beef liver, minced horse, beef, and pigeon 
muscle, and minced horse brain. In most of these cases it was 
shown that the effect was reversible. Since that review was 
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written, two additional papers have come to my attention, 
those of Allen (’19) and of Evans (’19). Allen’s results and 
conclusions regarding the effect of potassium cyanide on the 
rate of oxygen consumption of Planaria are about the same as 
my own, except for one or two points; thus Allen states that the 
oxygen consumption of Planaria cannot be reduced to less than 
20 per cent, of the normal by cyanide, while I found in many 
cases, reduction to 10 to 15 per cent, of the normal. Evans’s 
interesting paper contains some further references to the litera¬ 
ture, confirms some previous work, and presents a number of 
new facts. Thus Evans finds that cyanide decreases markedly 
and reversibly the oxygen consumption of the cat, confirms the 
older statements that oxygen is just as readily dissociable from 
the blood in cyanide poisoning as from normal blood; and shows 
a striking similarity between the behavior of smooth, skeletal, 
and heart muscle, and nerve and nervous centers in the presence 
of cyanide and in lack of oxygen. Evans concludes that the 
cyanides “appear to exert all of their physiological effects by 
reason of the anoxaemia which they produce,’’ and favors the 
view that they act by uniting chemically with some tissue con¬ 
stituent. 1 

1 Comment would seem to be required on Evans’s remark (p. 23) that the 
observations of Lund and Herwerden seem to be incompatible with Child’s con¬ 
ception of metabolic gradients. Lund’s results have been considered elsewhere 
(Child, ’19). Herwerden (’18) says that the buds and young of Hydra are not more 
susceptible to cyanide than the parents. Perusal of her paper shows, however, 
that she has compared only three or four pairs of individuals and has observed the 
disintegration of the tentacles only , having removed the cyanide when this occurred. 
Now, we have clearly shown (Child and Hyman, ’19) that the buds of Hydra are 
not comparable with the parents until they have the same degree of muscular activity , 
and further that the susceptibility of the tentacles is also dependent upon their 
degree of activity. Miss Herwerden is mistaken in her conclusion. We have com¬ 
pared dozens of young and adult Hydras, belonging to three species, and have 
always found that the young are more susceptible to cyanide when comparable 
degrees of muscular activity exist. It is true that the difference is least in the case 
of the tentacles but even there the tentacles of the young are slightly more sus¬ 
ceptible. Neither are Miss Herwerden’s statements about the susceptibility of the 
Daphnid heart entirely correct. I have found that the smallest individuals in a 
Daphnia culture are the most susceptible of all (both as to heart and entire animal); 
that the susceptibility decreases with increasing size up through the size when the 
females are producing their first parthenogenetie broods; but from that time on, 
the relation is reversed, so that the largest and oldest individuals in the culture, 
which have produced many parthenogenetie broods, are more susceptible than 
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In the experiments to be reported in this paper it was not my 
purpose to make a complete study of the action of cyanide on 
oxygen consumption in these animals, since 1 had already done 
that in the case of a sponge and Planaria , but merely to show 
that cyanide in non-lethal doses reversibly decreases oxygen 
intake. The experiments on the marine forms were performed 
at the Marine Biological Laboratory, Woods Hole, Mass.; 
those on the fresh-water forms at the University of Chicago. I 
am greatly indebted to Professor F. R. Lillie for working space 
at the first-named institution. 

The methods employed were identical with those used in 
previous experiments on this subject and will be found described 
in full in a former paper (Hyman, T9). Briefly, the animals 
to be tested were placed in Erlenmeyer flasks or wide-mouthed 
bottles of 500 to 600 c.c. capacity, these were filled air-tight with 
water, and the animals allowed to respire in them for a con¬ 
venient length of time. A sample was then withdrawn, and 
this and a sample of the original water used were analyzed for 
oxygen content by Winkler’s method, the difference between the 
two samples representing the oxygen consumed by the animals. 
Two separate determinations of the oxygen consumption in 
normal water were made, potassium cyanide was then added to 
the water and two more determinations in the presence of cyanide 
carried out. The animals were then washed in several changes 
of water, and their oxygen consumption in normal water tested 
again a day or two later. Throughout each experiment, the 
receptacles containing the animals were immersed in a water- 
bath, the temperature of which was kept constant to 0.5 degrees. 

The possibility of iodine absorption by substances emanating 
from the organisms was again considered, and was tested in th e 
case of two or three of the animals employed. Standard iodine 
solution was added to water which had been standing on the 
animals for at least one hour, and the iodine then titrated back 

half-grown individuals. It would thus appear that in these animals partheno- 
genetic reproduction is accompanied by some degree of rejuvenescence. Green’s 
recent work on Simocephalus (Biol. Bull., Aug., 1919) supports this suggestion, 
since he found that these animals reproduce sexually early in ontogeny, and sub¬ 
sequently the same individuals begin parthenogenetic reproduction, a reversal of 
the order usually observed in parthenogenetic forms. 
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with thiosulphate. No loss of iodine was found, and indeed, 
this possible source of error in the Winkler method would seem 
to have been greatly overrated (cf. Hale and Melia, ’13). 

Experiments on Pennaria. 

Pennaria tiarella, a common colonial hydroid of the Atlantic 
coast, was selected as a representative of this group of coelenter- 
ates. Large quantities of freshly collected material were avail¬ 
able. Clean branches, free from visible plant growth, were cut 
off, Caprella and other small animals which commonly live on 
such colonies carefully removed, and the branches were then 
placed in wide-mouthed bottles, and treated as described above. 
The animals were always used within a few hours after they were 
collected. 

Table I. 


Action of Potassium Cyanide on the Oxygen Consumption of 
Pennaria liarella. 


No. of Experiment. 

1. 2. 3. 

4. 

5. 

6 . 

Temp, and Date . . . 

Auk. 18. 19 0 c. 

Aug. 23, 22° C 


Oxygen Consumed , Cubic Centimeters per Hour. 



First hour normal . 

Second hour normal . 

0.55 0.56 0.43 

0.62 0.50 0.43 

I 0.94 

! 0.95 

0.78 

0.74 

1.21 

1.20 



1/25000 Mol. KNC. 

1/10000 Mol. KNC. 

First hour KNC . 

Second hour KNC . 

0.38 0.38 O.27 

O.32 0.35 O.25 

0.52 

0.36 

0.45 

0.34 

0.60 

0-54 

Per cent, decrease . 

4 i 35 39 

54 _ 

49 _ 

53 _ 

Six different lots of Pennaria were tested 

in this 

manner, 

as to 


their normal rate of oxygen consumption and the rate in 1/10000 
and 1/25000 mol. potassium cyanide. The results are given 
in Table I. In all cases, the rate of oxygen consumption is 
reduced in the presence of cyanide. Unfortunately in the case 
of this animal it could not be determined whether the effect was 
reversible, since Pennaria deteriorates rapidly in the laboratory; 
within twenty-four hours, the majority of the hvdranths have 
either fallen off or have lost their normal appearance. 

Since Pennaria exhibits very few movements, it is not possible 
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that differences in muscular activity could account for the 
decrease 1 oxygen intake in the presence of cyanide. As far 
as could be determined, the hydranths were as fully expanded 
in the presence of cyanide as in normal sea-water. 

Experiments on Metridium. 

Metridium marginatum was selected as a representative of the 
Anthozoa. The individuals used had probably been kept in float 
cars for some time. Medium-sized individuals were placed in 
wide-mouthed bottles of about 600 c.c. capacity, one in each, and 
left there undisturbed until they had attached themselves and 
expanded fully. It was found that the animals soon became 
accustomed to such an environment and could be handled and 
would submit to change of water without contracting. Since 
the oxygen consumption of sea-anemones in all probability varies 
with the degree of expansion, note was always made of the degree 
of expansion during the experiments. In experiments 1 and 3, 
the animals were slightly contracted during the exposure to 
cyanide but in the other six experiments they were fully expanded 
throughout. Differences in state of muscular activity are 
therefore not responsible for the observed results. 

The eight experiments which were performed upon Metridium 
are reported in Table II. A marked and reversible decrease in 
oxygen consumption in the presence of cyanide was found in all 
cases. 

Table II. 

Action of Potassium Cyanide on the Oxygen Consumption of 
Metridin m ma rgi natu m . 

No. of Experiment. i. 2. 3. 4. 5. 6. ( 7. 8. 

Temp, and Date. Aug. 12, 21 0 C- Aug. 10. Aug. 13, 20 0 C. 

I 21 - 5 ° C. | 


Oxygen Consumed , Cubic Centimeters per Hour. 


First hour normal. 

i -33 

1.19 

1.1 3 

1.66 


1.06 

1.01 

0.97 

Second hour normal. 

1.09 

i -05 

1.03 

1.94 

1.67 

1.12 

1.19 

i- 3 i 


1/5000 Mol. KNC. 

1/10000 Mol. 

1/25000 Mol. 

First hour KNC . 

0.48 

' 0.56 

0.56 

1.24 1 

1.25 

0.8l 

0.70 

0.66 

Second hour KNC. 

0.49 

Q -59 

0.42 

0.89 

0.70 , 

0.70 

0.76 

0.59 

Per cent, decrease. 

60 

49 

55 

41 

58 ! 

32 

34 

46 

Recovery. 

1.09 

1.10 

1.14 

1.68 

1.08 1 

1.18 

1.20 
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Experiments on Polych.etes. 

Experiments were performed on three common polvch?ete 
annelids of the Atlantic coast — Nereis virens, Arenicola cristata , 
and Chcetopterus pergamentaceus. Of the three species, Chcetop - 
terus was found to be the most favorable for this kind of experi¬ 
mentation, as it is not a very active animal. No difference in 
amount of activity in normal and cyanide-containing sea-water 
was observed. Arenicola was fairly favorable for the purpose 
as it also is relatively inactive, and here again there was no 
significant difference in activity throughout the experiments; 
indeed, it seemed to me that the respiratory movements were 
more pronounced in the presence of cyanide than in normal 
sea-water. On the other hand, the results with Nereis were not 
very satisfactory owing to the restlessness of the animals. In 
experiments 1 -3, Table Y, the animals were considerably more 
active in normal sea-water than they were after cyanide had 
been added, and hence the decrease observed in cyanide was due 
in part to diminished motor activity. In experiments 4-6, 
Table V., however, differences in motor activity were not present 
and have not contributed to the result. 

A further difficulty was encountered in the case of Nereis. It 
was observed that both the degree of activity and the rate of oxy¬ 
gen consumption of Nereis diminished when it was kept in the 
laboratory. Experiments 1-3 were performed on freshly col¬ 
lected individuals and it will be noted that the oxygen consump¬ 
tion of these individuals is much higher than in the other cases, 
and further that the recovery figures, obtained upon them twenty- 
four hours later, are considerably lower than the original figures. 
This is not due to the exposure to cyanide since individuals from 
the same collection which had not been subjected to cyanide 
showed the same decrease in oxygen intake after a day in the 
laboratory. It is probable that this decrease is due in large part 
to starvation. I have observed it in the case of a number of 
other animals also, and my experience indicates that animals 
which have been kept for a few days after removal from their 
natural environment are preferable to freshly collected material 
for experiments of this kind. This difficulty was not encountered 
in the case of Chcetopterus and Arenicola since it happened that 
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the animals had been on hand in the collecting department for 
some time before I obtained them. 

Since the first experiments showed that some little time was 
required for the penetration of even relatively concentrated 


Table III. 


Action of Potassium Cyanide on the Oxygen Consumption of 

Chcetopterus pergamentacens . 


No. of Experiment. 

1. 2. 3. j 4. 


6. 

7 - 

8. 

6 . 




Temp, and Date. 

Aug 3. 20.5 0 C. j Aug. 3. 21 

°C. 

Aug. 5. 21 

0 | 

p ! 

Oxygen Consumed , Cubic Centimeters per Hour. 




First hour normal . 

0.48 0.40 0.56 0.44 

0.36 

0-45 

O.47 

0-35 

0.44 

Second hour normal . 

0.33 0.40 0.48 0.40 

0.36 

0.44 

O.49 

O.32 

0.43 

1/2000 Mol. KNC 1/5000 Mol. KN C 
(Two Mrs. Before (Two Hrs. Be- 
Test). fore). 

1/10000 M ol. 
(One Hr. 
fore). 

KNC 

Be- 

First hour KNC ... . . 

0.20 0.13 0.23 0.23 

0.16 

^0.27 

0.41 

O.24 

0-34 

Second hour KNC . 

0.14 0.16 0.21 0.14 

0.16 

0.22 

O.41 

0.22 

0.33 

Per cent, decrease . 

59 64 58 56 

56 

45 

15 

32 

23 


Recovery . 

0.34 (0.48 0.50 0.48 

0.34 0.43 





Table IV. 


Action of Potassium Cyanide on the Oxygen Consumption of 

Arenicola cristata. 



No. of Experiment 

-j 1. 2. 3. 

4 - 

5- 6. 


Temp, and Date . 

.. . . | Aug. 2, 20.5 0 C. 

Aug. 

I, 21° C. 


Oxygen Consumed, Cubic Centimeters per Hour. 


First hour normal . 

0.42 

0.34 

0-39 

0.38 

1 0.67 
0.63 

0.42 

0.44 

O.48 

O.47 

0-43 

0.56 

Second hour normal. 




1/1000 Mol. KNC 
(Two Hrs. Before). 

1/2000 Mol. KNG 
(Two Hrs. Before). 

First hour KNC . 

Second hour KNC .«. 

O.27 

0.20 

0.30 

0.26 

0.46 

0.46 

O.27 

0.22 

j 

0.31 

0.30 

Per cent, decrease. 

39 

28 

39 

35 

54 

39 

Recovery. 

O.49 

O.31 

0.71 

O.42 

0.48 

0-43 


solutions of cyanide into these animals, presumably because of 
their thick body walls, the practice of leaving them for an hour 
or two in the cyanide solution before carrying out the test was 
adopted. 
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The results with Chcetoptenis are presented in Table III., with 
Arenicola in Table IV, and with Nereis in Table Y. One or two 
individuals, depending on size, were placed in each flask. For 
reasons already given, experiments 1-3, Table Y., on Nereis 
were not very satisfactory but the other experiments on these 
polychaetes leave no doubt that cyanide brings about a reversible 
decrease in oxygen consumption. 


Table Y. 

Action of Potassium Cyanide on the Oxygen Consumption of 
Nereis virens. 


No. of Experiment. 1. 2. 3. 4. 5. 6. 

Temp, and Date. Aug. 5, 22 0 C. Aug. 6, 21 0 C. 


Oxygen Consumed, Cubic Centimeters per Hour . 


Firsj: hour normal . 

. 0.80 

O.65 

O.65 

0.30 

O.36 

O.29 

Second hour normal. 

.... 0.78 

0.55 

O.64 

0.23 

O.23 



1/5000 Mol. KNC 

1/1000 Mol. 

KNC 


(Two 

Hrs. Before Test). 

(One-half Hour 

Before). 

First hour KNC . 

. O.14 

j 0.11 

0.1 I 

O.05 

1 O.05 

0.08 

Per cent decrease . 

. 83 

82 

83 

83 

8 4 

! 73 

Recovery . 

. O.32 1 


O.48 1 

0-34 

1 

l 0.29 


Experiments on Leeches. 

The leeches used in these experiments were Hccmopis marmor- 
atis, .and Herpobdella punctata , chiefly the latter. They were 
obtained from ditches near Wolf Lake, Indiana, and subjected 
to experiment shortly after they were brought into the laboratory. 
Two or three individuals were placed in each flask. As in the 
case of the polychaetes, it was impossible to eliminate movement, 
but the degree of activity was about the same in both normal 
and cyanide-containing water. The results are given in Table YI. 
Experiments 4 and 7 were performed upon Hccmopis , the others 
on Herpobdella. 

1 Failure to recover original rate of oxygen consumption not due to cyanide, 
see text. 
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Table VI. 

Action of Potassium Cyanide on the Oxygen Consumption of Leeches 
(Hcemopis marmoralis, Exps. 4 and 7, and Herpobdella punclala, 
Remaining Exps.). 


No. of Experiment. 

1. 2. 3. 

4. 5. 6. 

7. 8. 9. 10. 

Temp, and Date. 

April 3, 21 0 C. 

Mar. 22, 21 0 C. 

April 1, 21 0 C. 


Oxygen Consumed, Cubic Centimeters per Hour. 


First hour normal . 

Second hour normal . 

0.15 0.22 0.19 0.51 0.31 
0.16 0.24 0.51 0.30 

0.28 0.51 0.21 0.24 0.20 
0.25 0.48 


1/5000M0I.KNC. 1/10000M0I. 

KNC. 1/25000 Mol. KNC. 

First hour KNC . 

Second hour KNC . 

0.01 0.07 0.04 0.17 0.17 
O.04 0.07 0.06 0.13 O.I4 

0.15 O.29 0.08 O.17 O.14 
0.11 0.26 0.09 O.14 O.13 

Per cent, decrease . 

84 70 74 1 73 51 

51 45 60 36 33 

Recovery . 

0.17 0.28 0.23 0.26 

0.33 0.16 O.23 0.19 


Experiments on Oligociletes. 

The forms used in these experiments were an aquatic earth¬ 
worm, Helodrilus tetccdra , one of the megadrilous oligocheCtes, 
and Lumbricuhis inconstans , one of the microdrilous oligochaetes. 
Both of these annelids live in temporary pools in the woods in 
the dune region of Indiana; the former occurs in the larger pools 
and also in permanent ponds, while the latter species has never 
been found in permanent bodies of water. They were collected 
near Clarke, Indiana. Both species are highly thigmotactic,' 
being found in their natural habitat entwined among the branches 
of the moss which commonly grows in these pools or lying be¬ 
tween layers of dead leaves, their posterior ends usually protruded 
for respiratory purposes. As the animals are very restless when 
their bodies are not in contact with objects, an attempt was 
made to quiet them by placing a small amount of thoroughly 
washed cotton in the experimental flasks with the worms for 
some hours preceding the tests. This procedure was entirely 
successful with Helodrilus; the worms entwined themselves 
among the cotton fibers and remained perfectly quiet throughout 
the experiments. It was possible to quiet the majority of the 
individuals of Ltimbriculus in this way also, but a few individuals 
would always continue to crawl about. No difference, however, 
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was observed in the degree of activity in normal and in cyanide- 
containing water. 

The results with Helodrilas are presented in Table VII. and 
with Lumbriculus in Table VIII. As these worms are rather 

Table VII. 

Action of Potassium Cyanide on the Oxygen Consumption of 
Helodrilus tetcedra . 


No. of Experiment. 

1. 

2. 

3 - 

4 * 

5. 

6 . 

Temp, and Date. 

June 3, 23 0 

c. 

Juna 2, 23 0 

C. 

Oxygen Consumed, Cubic Centimeter s , 

in Tu'o Hours. 



First hour normal . 

1 O.13 

0.16 

0.16 

I O.17 

0.18 

0.19 

Second hour normal . 

O.13 

0.19 

0.15 

1 0.16 

[ 0.22 

| 0.22 


1/5000 Mol. KNC. 

1/10000 Mol. KNC, 

First hour KNC . 

O.05 

0.08 

0.09 

O.13 

0.16 

O.II 

Second hour KNC . 

O.06 

0.06 

* 0.07 

j 0.09 

0.12 

0.08 

Per cent, decrease . 

59 

60 

49 

30 

30 

54 

Recovery . 

0.14 

| 0.16 

1 0.14 

0.19 

i 0.16 

Table VIII. 





Action of Potassium Cyanide on the Oxygen Consumption of 

Lumbriculus inconstans . 




No. of Experiment. 

1. 

2. 

! 3 - 

4 - 

| 5 - 

1 i- 

Temp, and Date . 

Oct. 17, 21° 

c. 

Oct. 15, 21° 

C. 

Oxygen Consumed , Cubic Centimeters per Hour. 

First hour normal . 

0.44 

1 o -47 

o -37 

| 0-58 

0.58 

0.46 

Second hour normal . 

0.45 

! 0.41 

0.29(?) 

0.57 

1 0.61 

0-49 


1/5000 Mol. KNC. 

1/10000 Mol. KNC. 

First hour KNC . 

0.20 

0.24 I 

0.18 

1 

0.30 

0.28 J 

0.21 

Second hour KNC . 

0.14 

0.16 | 

0.14 

0.28 

0.26 

0.19 

Per cent, decrease. 

62 j 

55 

52 | 

50 ! 

55 

56 

Recovery. . .. 

0.38 

0.42 

0.42 1 





small, a large number of individuals was used in each experi¬ 
ment. The results are the same as in the case of the other 
animals tested, a reversible decrease in oxygen intake when 
cyanide is present. 
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Summary and Conclusions. 

1. The normal oxygen consumption and the oxygen con¬ 
sumption in the presence of various concentrations of potassium 
cyanide was tested in the case of Pennaria, Metridium , Nereis, 
Chcetoptems, Arenicola, two species of leeches, and two species 
of aquatic oligochaetes. In all cases, numbering about seventy 
experiments (not all of which are reported), the oxygen con¬ 
sumption was markedly decreased in the presence of cyanide. 

2. Th is decrease was not due to differences in muscular activity, 
since in some of the experiments it was possible to keep the 
animals entirely quiet throughout, while in the others, with 
three exceptions noted in the text, the animals were equally 
active in both the normal and the cyanide-containing water. 
None of the concentrations of cyanide used caused any visible 
anaesthesia, within the short time periods during which the 
animals were exposed to them. 

3. The decrease was reversible, the oxygen consumption 
returning to approximately the original value when the cyanide 
was washed out of the animals. In no case were the animals 
injured in any way. Most of them were kept for a considerable 
length of time after the experiments were completed and were 
entirely normal in behavior and appearance. 

4. As was found to be the case in previous experiments with 
cyanide, the percentage of decrease is absolutely greater, the 
more concentrated the cyanide solution, but the more dilute 
solutions are relatively more effective. 

5. These results are in accord with previous experiments on 
the action of cyanides and justify the use of the cyanides as 
depressing agents. 
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